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PREFACE TO SECOND EDITION 

The production of improved varieties of crop plants is of outstanding 
importance in the development of a more efficient agriculture. A knowl- 
edge of laws of heredity, biometrical tools, field and laboratory technic, 
together with an understanding of the genetics of the particular crop 
which is being studied are an absolute necessity for the trained breeder. 
The present volume aims to furnish reliable information in these various 
lines. 

The new edition was necessary because of the rapid advancement 
in the field of pure and applied genetics which has materially, modified 
methods of breeding certain categories of crop plants. The method of 
breeding cross-pollinated plants by means of selection in self-fertilized 
lines has been featured together with a discussion of the effects of self- 
fertilization in various cross-pollinated plants. The experiences of the 
writers, in cooperation with plant pathologists, in breeding disease-resist- 
ant varieties of plants have led to the inclusion of most of the important 
literature in this field. 

Knowledge of chromosome numbers and relationships has furnished a 
reliable means for the determination of taxonomic relationships of some 
crop plants and has given suggestive hints as to their origin, and also 
has furnished information regarding the practical possibilities of obtain- 
ing improvement through species crosses. The new edition summarizes 
the most recent advances in this field. A knowledge of the mode of 
.inheritance of all characters of the various crops is desirable. Accordingly 
rather complete summaries of the mode of inheritance of characters we 
included primarily for reference. The extensive hterature on maize 
genetics is of great importance to the student of pure poetics as well 
as to the breeder of crop plants. The present edition furnishes the 
most complete published summary of maize genetics now available. A. 
new chapter on Biometrical , Methods has been added and the entire 
book has been rewritten. 

Suggestions from teachers who have uwd first edition were of 
material value and have been ; freely used. ThA method of present^ 
tipn if that which has been developed as a result of over ten y^rs experi- 
ence in teaching genetics and plant ;;bre6dii^ courses to undej^radua|e 
and graduate students in the uhiveraities of Minn^ota and West 'V-irgihia. 
The writers wish td expreM l?heir appreciate ibhc^ who 
;.;gaveelpf’^i::advioe,hhd■oritio^e|’.whoBe:/^ittes w«ce'-B3sfhrion^,ia': 
iihe- pr^ce''-dt"the 
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have been of value in the present edition. The writers wish i.o thank 
Dr. J. Arthur Harris for helpful suggestions in relation to the chapter 
on Biometry. Dr. F. J. Krantz has again made helpful suggestions in 
relation to the chapter on Potato Improvement. Professor John Parker, 
of the Kansas State Agricultural College, has kindly pointed out numer- 
ous small errors in the previous text and made available certain unpub- 
lished material regarding sorghum improvement which has been of 
considerable value. Dr. John H. Martin has likewise made helpful 
suggestions regarding sorghum. Dr. G. Nilsson-T.eissner has aided in 
calling the attention of the writers to foreign literature and in abstracting 
certain papers. Particular thanks are due to several of our coworkers. 
Dr. H E. Brewbaker, Prof. F. J. Stevenson and Dr. Forrest It. Iinmer of 
the University of Minnesota and Prof. M. M. Hoover of the University of 
West Virginia have read various chapters and aided in checking certain 
of the calculations. Dr. L. D. Arnett, Librarian, Westr V^irginia Univer- 
sity, and Miss Hazel C. Lusobrink kindly helped check some of the 
literature citations. Miss. L. Mac Ccntcrwall has aided in obt.aining 
publications from other libraries and Miss Alma Schweppe has helped 
make up the index. Prof. F. J. Stevenson has carefully read th() entire 
book and his suggestions have been especially helpful. 

Several illustrations have been supplied by investigators who have 
made intensive studies of particular crops; credit for these has been given 
in connection with the illustrations. Most of the other figures are 
from photographs by Mr. T. J. Horton, official photographer at Univer- 
sity Farm, St. Paul. Figures on flower structure are from drawings 
made by Mr. G. D. George, illustrator. 

The papers of many investigators have been referred to in the text, 
as the advanced student will frequently desire to study the original 
publication. The possibilities of errors are very great in a text which 
reviews the studies of numerous investigators. The writers, therefore, 
earnestly invite the criticism of the readers. 

H. K. Hayes. 

UNivERsiTr OP Minnesota, 

R. J. (Jakber* 

West Viroinia University, 

June) 1927 . 



PREFACE TO FIRST EDITION 

Since the early development of agriculture by primitive peoples, 
selection of seed for planting has been an important feature of agricultural 
practice. While many of our better varieties or strains of crop plants 
have originated as chance seedlings or from selections made by men who 
lacked a knowledge of the laws of heredity, there has been a growing 
appreciation in recent years of the value of training students for the occu- 
pation of plant breeding. 

Studies in crop genetics carried on since 1900, as well as studies in 
field plot technic, have helped in a large measure to standardize methods 
of breeding. Information regarding the mode of inheritance of particu- 
lar characters as well as a better knowledge of the wild relatives of our 
crop plants is constantly being obtained. O’ho purpose of this book is 
to present fundamental principles of crop breeding and to summarize 
known facts regarding the mode of inheritance of many of the important 
characters of crop plants. Much of the material here pr(>sente,<l has been 
used in courses in crop breeding which have been given in recent years 
at the College of Agriculture, University of Minnesota. 

Suggestions from others in relation to methods of treatment of various 
subjects have been of material viiJue. Part.icular mention should be 
made of the helpful advice of Dr. M. J. Dorsey regarding the chapters on 
“Plant Genetics” and “Fruit Bmcding;” of F. A. Krantz regarding the 
chapter on “Potato Breeding,” and of John Bushnell and W. T. Tapley 
regarding the chapter on “Vegetable Breeding.” 

We are also indebted to Miss Alice McFeely, Bulletin ICditor, for many 
suggestions regarding presentation and for assistance in proofreading: 
to Mr. A. N. Wilcox for assistance in proofreading; to Miss L. Mae 
Centerwall for help in obtaining a considerable number of publications 
from other libraries; and to Miss Alma Schweppo for checking the litera- 
ture citations. Previous summaries of certain phases of plant breeding 
methods were made available through the kindness of Professor Andrew 
Boss. The many helpful suggestions made by Dr. C. V. Piper, Consult- 
ing Editor of those publications have been of great value. 

Several illustrations have been supplied by investigators who have 
made intensive studies of particular crops; credit for these has been 
given in connection with the illustrations. Most of the other figures arc 
from photographs by T. J. Horton, official photographer at University 
Farm, St. Paul. Figures on flower structure arc from drawings made 
by G. D. George, illustrator. 

» 



PREFACE TO FIRST EDITION 


xii 

The papers of many investigators have been referred to in the text, 
as the advanced student will frequently desire to study the original 
publication. The possibilities of errors are very great m a text which 
reviews the studies of numerous investigators. The writers, therefore, 
earnestly invite the criticism of the readers. 

The Authors. 

University op Minnesota, 

JunCj 1921 , 
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BREEDma CROP PLANTS 


CHAPTJOR I 
INTRODUCTION 

The origin and mode of development of nearly all of the principal 
cultivated crops is an obscure and much debated subject. This is partly 
due to the fact that many crop.s have been grown for hundreds of years 
and often the same forms are cultivated as wore grown in (<arly pcfriods. 
li, is very prol)able, hn* example, that tlu) num of tlie old Stone Age, 
50,000 yc'ars ago, hud soim^ sort of art of agricult.uro (I)ettweiler, 1014). 
These conclusions have bc'on drawn from old engravings of this period 
which were rntwh) on cavern walls. Wheat and barley were certainly 
grown in (uirly times. A carving of the upi)or Paleolithic Age in the 
PyrciiuMis mountains shows winter barley such as is now cultivated in that 
locality. 

Dettweiler writ<!8 very interestingly of tho agiiculture of the Lake 
Dwellers who lived during the period from 4000 to 2000 B.C. He states 
that the I^ako Dwellers of Bwitzm-land cultivated the short-eared, six- 
rowed barky, /ArrdcMW fidfwtu'jn of the anciontej the dense-eared, six- 
rowed variety. If. Iwmdichon, L., variety demum; two-rowed barley, //. 
diatichm.; small iak(.v<lwolUng wh(fat, Triimm vidgara mdujunrum; 1,ruc 
club wheat, T. vulgara aom.pnHmn; Egyptian or English wheat, T. turgi- 
dum, L.; an awnless thick^sai-ed ommor, T. diooccum, Schrank; one- 
grained wheat, T, monhcomim, L.; meadow (common) mxllid,, Fanicum 
miluuxim., L.; club millet, F. italicum, L.; and a typo of flax, Linum 
angmtifolUtm, which still grows wild in Greece. An excavation was made 
in tho village of Gleichborg, near Romhild, in 1906. On an old fireplace, 
with remains from tho time of tho oldest Bronze Ago, were found tho 
following Hctsds: cinkorn, spelt, club wheat, and small lake-dwelling wheat, 
smaU lakc-dw<illing barky, vetch, pesw, poppy, and possibly apple steeds. 

It is not tho purpose here to give tho historical development of crops 
except in so far as to show that many wore cultivated in very ancient 
times by primitive peoples by whom many varieties wens developed. As 
some of the varioiies which were then grown arc in existence today and 
are cultivated in some nsgions, an idea of earlier work is obtained. 

The work of tho Indians with maize will bo briefly considered now. 
Piper speaks of tho plan- by which seeds of different colors wore planted 
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together in one hill with the thought that this method gave increased 
yields. It tended to keep the varieties in a heterozygous condition. 
For several years Squaw Fhnt from the Indian reservations m Minnesota 
has averaged as large a yield per acre at University Farm, St. Paul, as 
the more carefully selected varieties. 

These facts should help to give the student of plant breeding some 
idea of the great accomplishments in plant production in earlier times 
and to correct possible exaggeration of relative values of the results of 
recent work. Present-day breeding has achieved great results and will 
accomplish much more; the foundation, however, was laid many years ago. 


THE FOUNDERS OF THE ART OF PLANT BREEDING 

The relation between the science and the art of plant breeding is a 
very interesting subject. Through many years of trials, methods are 
improved; and a correct knowledge of the fundamentals of the science 
often does not widely modify the actual practice involved. As a rule. 



Fig 1, — The date palm among the AaayrianK. 



scientific principles allow some short cuts in breeding methods and help 
to eliminate erroneous and useless practices. 

As will be constantly emphasized in this work, there is a close relation 
between the mode of reproduction and the methods of breeding a plant. 
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A knowledge of sexuality was, therefore, almost a necessity before it was 
possible to (lov(‘lop thci art of breeding. Sexual processes, while not 
thoroughly undf'rstood, were observed in animals three or four centuries 
B.C. by the Plgyidiiiiis and Assyi'ians. Existence of fruit-bearing and 
sterile trees of the date palm was known to the people of Egypt and 
Mesopotamia in early t ime.s, and records of artificial pollination as early 
as 700 have been found (s(Ki Fig. 1). The Assyrians commonly 
referred to the dat(i tri'es as male and female. The Greeks, however, to 
whom early scientific thought, is attributed, failed to interpret this phe- 
nomtmon. Tlioophi-astus, for example, concludes that as other plants 
do not as a rule c>.xhibit the saitui phenomenon, the date tree is not an 
example of real se.xuality (.lohn.son, 191.')). 

Tattle was actually known of plant, sexual processes until comparatively 
recent times, 'riici English physieiiin. Grew (lOVO), further developed 
the suggestion of Sir Thomas Millington that the staimns served as the 
male organs, by ii hypotlu^sis regarding th(‘ process of fi'rtilizat.ion. The 
only means of (hunoustrating this phenomenon was by the experimental 

method. i 

The First Demonstration of Sex in Plants —Gaimu-anus first made 

the e.xi)eriment al test by using isolated hunale plants of the mulberry , by 
emasculating th(i cast.or b(!au and by nunoving the stigmas from Indian 
corn.' The results of these experiments wore reported in a letter to 
Ih-ofcissor Valent, in, of Gio,ss(m, writh'.n in 1(594. 

The following st,atemcnt, miule by Gamerarius and found in Oatwald s 
KldSf^iJter (p. 25) has bemi freiiumitly quoted (Johnson, 1915). 

In the ve.getable kingdom there is accomplished no reproduction by seeds, that 
most perfefit gift of uatunj, and the usual means of perpetuating the species, utiless 
the priiviouslv app(«iring apices of tlie flower have already prepared the plant 
therefor. It ai)pears reasonable to attribute hi these anthers a nobler name and 
office of male sexual organs. 

Further Proof of Plant Sexuality.— The work of Gamerarius was 
confirmed by several men. Thomas Fairchild, in 1719, produced a now 
variety of pinks by an artificial creasing of two varieties; and Bradley, 2 
years earlier, found emasculated tulips sot no seed. Miller (1731) noted 
insects pollinating einasoulated tulips after first visiting untreated 
tulip flowers. Governor I.ogan of I’onnsylvimia, in 1739, experimented 
with maisso and obBcrvcd that detasBclod plants set no seed when iBolatod 
from untreated plants. Ho also removed the silks and found such treated 
plants were incapable of setting seed. Gloditsch (1750) had a pistillate 
palm in Berlin which was 80 years old and had set no seed. He oWained 
a quantity of pollen from trees in Loipsic (then 9 days’ journey from Berlin) 
and after pollination seed was produced which germinated. 
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The Studies of Koelreuter.’ — ^While these investigators and others 
confirmed the work of Camerarius, little advance was made in the art 
of breeding until Koelreuter (1761-1766) made a careful study of arti- 
ficial crosses and gave the first extended account. In tobacco crosses, 
for example, he found that the first generation was of intermediate habit 
and, therefore, showed the effect of the male parent. His work on the 
vigor of first generation crosses is of much interest. He believed the 
“oil” of the pollen grain after mixing with the stigmatic fluid penetrated 
tue ovule. The belief of a union of male and female substances was a 



Fig. 2. — Male and female flowers of date palm about two times natmal size, (Photograph 
taken hy Swingle in Sahara Desert, 1899.) 


step in the right direction. The value of insects as carriers of pollen 
was also demonstrated. 

Early Studies in the Cytology of Fertilization. — Pollen tubes were 
first observed in 1823 by Amici who followed them to the micropyle of 
the ovule in 1830. Sehloiden shortly afterward mgde numerous studies 
of the pollen tube and apparently thought the embryo developed in the 
embryo sac from the end of the pollen tube. This matter was not thor- 
oughly cleared up until Strasburger (see Johnson, 1916) concluded, in 
1884, that; 

1 For these facts the papers of other writers have been freely used. Those by 
Eobebts (1919) have been especially helpful. 
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1. The fertilization jn'occss depends upon the copulation with the egg nucleus 
of the male nucleus wliich is brought into the egg. 2. The cytoplasm is not con- 
cerned in the proc^ess. 3. The sperm nucleus, like the egg nucleus, is a true cell 
nucleus. 

An Answer to the Question of Hybrid Fertilization. — Although 
Koelroutor proved the fact of sexuality in plants, it was not generally 
accepted, and early in the nineteenth century the Physical Section of 
the Royal Prussian Academy offered a prizes for an answer to the question, 
Does hybrid fertilization occur in the plant kingdom?’^ Among other 
results presented by W(dgrnann in answer to this question occurs the 
statement of the immediate effcict of pollen in Icgunu^s. Weigmann made 
a study of 3f) (TOSscss using the following plants: onion, cabbage, pea, 
bean, lentil, pink, and tobacco, lie observed the fact of variability due 
to crossing and ttiought gardrujers should pay more attemtion to the 
planting of th(‘ir crops so that those of like kind did not grow so near 
each oth(u- that, crossing through the aid of insects would take place, 
Sprengel, in a book published in 1703, showc'd the important role played 
by ins(ud;S in pollinat.ion and studied the adaptations for (‘.rossing found in 
many flowers. IIc'. concluded that nature intended that flowers should 
not be pollinat(Hl l>y tlKur own pollen. 

The Great Hybridist Geirtner. — In extent and number of Ids exp(}ri- 
m(mt/S (hlrtner^s work is very great-. In 1835 he heard of 1-h(i offer of a 
prize mad(i by the Dutch Aciidemy of Sciences at Haarlem regarding the 
plac(^ of hybridization in producing new varieties of economic aixd orna- 
mental plants. 

Ga^tn<ir^s paper on this question, which received the prize, was 
publisluHl in ext.<m(led form in 1849. He made thousands of crosses, 
involving nc^arly 700 species, and olxiained about 250 hybrids. The work 
was so carcTully (jontrolhHl and chcicked that, the fact of sc^x in plants was 
thoroughly provc^d, II<^ ma<le a classification of hybrhls acconiing to 
whetlu^r tlii<\y r(NS(im])l(Kl one or the other parent in all rosp(^ct.s, whether 
they resembl<^<l oik^ panmt in one part of the plant and the other parent 
in other characteristics, or wheth(‘r then} was an almost <}qual balance. 
In the last case in later g(}n(}rat.ions, the inclination toward tlio one or the 
other parent was supposed to te due to a slight overbalance of on<} or the 
other of the f(}rtilizing matfuials. Gartner explains the appearance} of 
the first hybrid generation as due to an inner force operating according to 
law. He, lik<} Ko(}lr(}uter and Weigmann, observed increased vigor in 
hybrids. 

He made expefriments to dotenninc the immediate effect of pollen 
with crosses bctwe(}n colorless and colored pericarp varic^ties of maize and 
in crosses between a brown-seeded Lychnis and one with a gray seed. 
As no change occurred, a law was developed to the effect that pollen does 
not immediately affect forms and external characters of seeds but influ- 
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ences the development of the resultant plant. He observed an immediate 
effect in some pea crosses and learned that the yellow cotyledon color 
dominated the green in the hybrid seeds 

Early English Plant Breeders— Knight, Goss, and Herbert, three 
English workers, did much to develop the art of breeding. Knight, who 
was a practical horticulturist, recogniased the aid of artificial cross- 
pollination in producing new kinds. He studied the question of the 
immediate effect of pollen. A variety of pea with a white seed coat was 
fertilized with pollen of a gray-seeded variety. No immediate influence 
of pollen was obtained. When the resultant plant was pollinated by a 
white variety, however, both gray- and white-seeded sorts were obtained 
in the next generation. William Herbert was a contemporary of Knight 
who learned of the work of Koelreuter some time after he had started his 
experiments. He opposed the idea that species crosses were necessarily 
sterile. 

Studies made by John Goss are considered of much interest as they 
showed results similar to those obtained later by Mendel. In 1820 
flowers of the Blue Prussian pea, which has bluish seeds, wore pollinated 
with pollen of the Dwarf Spanish. Three seeds were obtained which 
were yellowish-whito like the male parent. Plants grown from the seeds 
produced some pods with all blue, some with all white, and some with 
both blue and white seeds in the same pods. When planted, the blue 
seeds bred true while the white seeds gave some segretates. No law, 
however, was developed. 

Other Workers of This Period. — At about this same period Sargeret, 
in France, was making studies with Cucuriitacece crosses. He observed 
the fact of dominance avS the following crosses show: 


MtjSKMELOJSf (Female) 

1. Flesh, white 

2. Seeds, white 

3. Skin, smooth 

4 Ribs, slightly evident 
5. Flavor, sugary and very 
acid at same time 


Cantaloupe (Male) 
Flesh, yellow 
Seeds, yellow 
Skin, netted 

Ribs, strongly pronounced 
Flavor, sweet 


Firht Generation 
Flesh, yellow 
Seeds, white 
Skin, netted 

Ribs, rather pronounced 
Flavor, acid 


He notes (Roberts, 1919) that; 

The characters were not blended or intermediate at all, but Virere clearly and 
distinctly those of the one or the other parent. 


Naudin made quite careful studies and attempted to summarize his 
results. He so nearly approached the law later laid down by Mendel 
that some workers have spoken of it as the Naudin-Mendel law. He 
thought that if hybrids were self-fertilized they would return more or 
less rapidly to the parental types. Similar results were obtained if the 
hybrid was pollinated by one of its parents. He noted the uniformity of 
the first generation and the production of many types in the second 
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generation some of which could not be told from the original parents. 
The results were explained by the segregation of specific substances in 
the pollen and ovaries of the hybrid (Naudin, 1866). 

Wichura (1865) found reciprocal crosses gave like results and, there- 
fore, concluded that the pollen and the egg have exactly the same share 
in the organism which results from fertilization. Ho studied species 
crosses in willows but did not deal with the individual characters of the 
species. 

Mendel’s work, published in 1866, is now well known to all students 
of genetics and plant breeding. With the great advances made since 
1900 rules can now be given which furnish a reliable guide for plant- 
breeding operations. To quote from Pearl: 

In the creation of new races by hybridizatifm the plant breeder can and does 
take Mendelian principles as a direct and inuiicdiate guide. Ho has made 
Mendelism a working tool of his craft. 

THE RELATION OF CERTAIN BIOLOGIC PRINCIPLES TO PLANT BREEDING ^ 

The art of plant breeding is closely related to those biologic principles 
which furnish the foundation for the science of br(5oding. Por this 
reason there is a very close relation between the development of theories 
of evolution and scientific methods of breeding. 

The conception of evolution dates from the time of the Gw^ok philoso- 
phers in the eighth century. This was the speculative period and evolu- 
tionary beliefs were not attained as a result of experimentation. Until 
the sciences of botany and zoology were built up, it was impossible to dc 
more than outline theories which appcale<l to the judgment of the writer. 

The modern inductive period is of comparatively roeorit times. 
Erasmus Darwin developed a theory of evolution which he did not think 
entirely adequate. Lamarck gave ns tlie first well-roun(lod theory of 
evolution. It was based on the inheritance of acquired characters. By 
continued use an organ was strengthened and developed. Likewise, 
without use it was weakened. The supposed inheritance of these 
acquired characters was the basis of the production of the numerous 
species. 

The term “species” was first applied to animals and plants by John 
Ray (1628-1705) who used it to refer to a group of organisms with similar 
characteristics and which freely intercrossed. Many of the experiments 
of this period dealt with the question of species. 

The Doctrine of the Constancy of Species. — ^linnseus (1707-1778) 
adopted a more strict definition, although he was not always consistent 
in his use of the word. The doctrine adopted was that of the separate 
creation of fixed entities which were called species. Lamarck denied this 

I A bulletin by East (1907) and a book by Soott (1917) have helped materially 
and have been freely used. .» 
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theory and outlined his evolutionary hypothesis. Most naturalists of 
this period believed in the immutability of species. 

It is thought that the work of Lyell (1797-1875), an eminent geologist, 
had a marked effect on that of Charles Darwin, who was his intimate 
friend. Lyell insisted upon the continuity of the histoiy of the earth 
and the uniformity of agencies which wrought such profound changes 
upon the earth. This theory was in opposition to that of Cuvier, who 
believed that the history of the earth was a series of times of destruction 
followed by periods of tranquillity (^'catastrophism”). After each such 
destructive period it was believed that new creation took place. 

Darwin^s Theory of Natural Selection. — The most mfluential worker 
in the history of development of the evolutionary conception was Charles 
Darwin. He and Alfred Russel Wallace independently developed a 
theory for the origin of species and united in presenting a preliminary 
paper in 1858. 

The publication of Darwin^s '' Origin of Species,^’ in 1859, gradually 
brought about a belief in evolution The work of Lyell had helped 
materially to develop a belief in the orderly progress of the world and 
assisted in preparing the way for the masterly presentation of Darwin. 
Darwin presented such a mass of evidence from widely different fields 
that the entire thinking world was compelled to accept evolution as a 
fact. The evidence was grouped under such headings as organic relation- 
ship, comparative anatomy, embryology, paleontology, and domestication. 

The fact of evolution is indisputable. The explanation of the methods 
of evolution is even yet not entirely satisfactory. Darwin^s theory is 
founded upon a senes of facts as follows: 

1. Variability . — It is a matter of common observation that no two 
individuals are exactly alike. If sufficient individuals are examined the 
range of variation is found to be very great. These variations are uni- 
versally present. 

2. A Struggle for Existence , — If aU the progeny of some of the lower 
forms grew to maturity and each in turn produced as many progeny, 
the world would soon be overrun with a single form. There is competi- 
tion also between different species and genera. 

3. Natural Selection , — The conclusion would certainly seem reasonable 
that those forms would survive which possessed characters better adapted 
to a given environment and, therefore, gave those particular forms 
advantage in the struggle for existence. 

4. Heredity . — Variation produces the material for natural selection to 
work upon and heredity tends to perpetuate the variations. 

The mechanism of transmission of characters, the physiological cause 
of variations, and the inheritance of different categories of variations 
were unanswered problems. Many criticisms were made of Darwin^s 
work and many^were considered by Darwin himself. Nearly aU of these 



INTRODUCTION 


9 


have a bearing upon plant breeding. In the improvement of crops, arti- ,, 
ficial selection takes the place of natural selection. The breeder is con- v 
stantly faced with the question of the perpetuation of a variation. He | 
also faces the question of whether the useful variation will perpetuate | 
itself in crosses or will be lost. / ■ 

Darwin recognized two sorts of variations. The ^fortuitous” or | 
chance variations are everywhere present and cause every plant to bo 
Slightly different from other plants of the same species. These were 
considered to be of primary importance in evolution. While he recog- 
nized “definite” or discontinuous variations, the so-called mutations, _ 
these were not considered of primary importance. 

The Stability of the Germ Plasm. — Weissmann’s theories are of much 
interest. Ho developed the idea of the continuity of the gonn plasm 
and that external agencies could not modify inheritance without. first 
tho germ cells. Plant breeders arc not ])articularly interested 
in Welssmann’s ingenious theories which weris outlined to show that tho 
inheritance of acquired characters was an impossibility. Apparently, 
in order that a now character may be produced, there must Ix! a modifica- 
tion of the germ plasm. Tho real question, then, is wliat causes germinal 
change? In considering this quest.ion wo must keep in mind the possi- 
bility that agencies which are of little importance from tho standpoint 
of the plant breeder may be of profound importance in evolution. 

DeVries’ Mutation Theory. — Tho more recent theory of evolution 
developed by DeVries attacks the question of th(» sort of variations 
whiqh furnish the basis for evolution. DeVri<w gives only slight value 
to the gma.11 continuous variations and advanoes tin; hypot.hesis that 
large variations arc of primaiy value. He l)eliev(‘s in pcjriods of mutafion 
when from some unknown cause wins is producing many new forms, 
and other periods when stability of the Hp(^ci<>H is the rule. DeVrira 
recognized three sorts of mutations: (1) progn^ssivo, when an entirely new 
character appears; (2) degressive, the appearance of a partially lat<mt 
or hidden character; and (3) retrogre8siv(^, wlnm an active character 
becomes latent. The cause, or causes, of those suddem changes was not 
known. Mutations are frcquonfdy not large but small. All sudden 
heritable changes which cannot be (ixplained by th<>.‘ laws of segregation 
and recombination are called mutations by present-day geneticists. 

The Pure-line Theory. — The studies of Johann.sen ai-e of particular 
value from tho standpoint of the plant, breedort, f »He worked with self- 
fertilized crops and found that while tho progeny of a single self-fertilized 
plant varied quite widely, those variations wore not inherited. Fro'm 
single commercial varieties he found it possible to isolate numerous limss 
which in their means differed slightly from each other and which bred true. 
Johannsen considered a pure line to be the progeny of one or more-self- 
fertilizations from a single homozygous ancestor. Selection within such 
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Q, pure line was of no practical value. Numerous investigations with self- 
""fertilized crops have been made and corroborate the results of Johannsen 
Isolated cases of mutations in these pure lines have been reported, and 
while these are of much scientific interest they occur far too infrequently 
to be used as a bassis for a system of breeding. 

Johannsen's pure-line theory has been extended to cover clonal or 
asexual propagation in both plants and animals. In the proper place 
evidence will be given to show that in heterozygous organisms which arc 
asexually propagated there sometimes occur bud sports or somatic muta- 
tions each of which may form the basis for a new race. Such bud sports 
in some plants apparently occur frequently enough to be of economic 
importance. 

Mendel’s Law of Heredity. — Menders experiments, published in 186(>, 
remained unnoticed until the facts were rediscovered in 1900 by DeVries, 
by Correns, and by Tsehermak. This law furnished the starting point 
from which the modern study of genetics has developed. Many students 
will have taken a course in genetics before studying plant breeding. For 
such students it is sufficient, here, briefly to review MondePs law in its 
application to crop improvement. 

At the time of MendePs studies the mechanism of Mondelian heredity 
was unknown. Mendel developed three general laws which were called 
(1) dominance, (2) unit characters, and (3) segregation These have been 
studied intensively in recent years. Dominance is not a general result 
and frequently the first generation is intermediate in appearance. The 
unit-character viewpoint has been greatly modified and geneticists now 
use’TEe^ termT^^ unit factor’’ The inheritance of a unit character, as 
referred to by Mendel, is depended upon a single-factor di ffere7ice in modern 
genetic usage. A character frequently is the result of the interaction of 
many factors under the particular conditions of the environment. What 
is inherited is the manner of reaction rather than the specific character. 
Segregation appears to be a universal law although the largo number 
of factors involved frequently makes the results very complex. 

Mendel worked with seven contrasted character pairs. Among them 
were yellow cotyledons as contrasted with green, and round seed as 
contrasted with wrinkled. When a plant with round, yellow cotyledons 
is crossed with one that has wrmkled, green cotyledons, the first genera- 
tion ovFi cotyledons are all round and yellow, since these are the dominant 
characters. If two of the Fi plants are crossed or an plant is self- 
fertilized the next or F^ generation will be made up of approximately 
three-fourths round and one-fourth wrinkled seed. This illustrates 
MendePs law of segregation of unit characters or, in modern genetic tormi- 
nology, unit factors. The factor that differentiates round seed and the 
one that differentiates wrinkled seed are brought closely together in the Ft 
generation but apparently they do not lose their identity because of this 
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close association as is shown by the fact that they may separate andS^^ 
the Fi generation become reunited in the several combinations possible/^ 
i.e., round with round, round with wrinkle<l, and wrinkled with wrinkled. 

If 4erc arc approximately equal numbers of round and wrinkled factors, 
and if the combinations of these as expressed in t.he Fa generation are 
purely at random, the ratio of one-fourth round with round; one-half 
round with wrinkled; one-fourth wrinkled with wrinkled would bo 
expected. But since round is tloim’nant to wrinkled, it is not possible to 
distinguish the round-with-round from thc! round-wifii-wrinkled combina- 
tion and, therefore, approximately three-fourths of the Fa seeds would 
appear round and omvfourth of the seeds wiinkled. This combination, 
as a matter of fact, is actually obtained in stieh a cross. 

It is of interest to consider (he yellow-grt'e.n character pair in connec- 
tion with thc round-wrinkled pair. Mendci found that apin'oxiiuatoly 
three-fourths of the Fa round s(^eds w<'ro y(>llow and oiK'-fourf h grc'on ami 
that three-fourths of tin) Fa wrinklcnl seecls w(fn^ ycdlow and onc'-fourlh 
green. It was pointed out that such a result could not obtained unless 
the round-wrinkled charact.(‘r paii- segn^gat.ed indi'in-udcntlij of tlu! yellow- 
green pair. Considering both character pairs at. onci', tlu! Fa cotyledons 
consisted of niuc-sixtO(m(.hs like th(! dominant parent, (i-ound, yellow), 
one-sixteenth like the rexx^ssive paivnt (wrinkled, greem), and three- 
sixteenths of each of two nesw combinations (round, grc(?n; wrinkhxl, 
yellow). This illustrates th<‘ principle of indepemhmt assortment 
between different character pairs. 

Mendel’s law can best b<^ umku'stood in relation to cyt.ology. It is 
well known that the cliromosoines are ( he bearers of iKuitable fac1,ors. 

( The number of chromosomes for each si>ecitis is constant. a||j;l th<i form 
; and individuality is charact.c!risti(*.. According to Morgan’s hyi^othesis, 
i the factor-s are located in i)arl.ioular regions or loci of t.lu' chromosome. 

1 The chromosomciS aro'consideixid ( o b(' in pairs and the two pari.s of (?ach pair 
j are in such a relation to (sach other t.hat. at nsUiction <livision, i.e., at the 
; formation of gamestes, tlie m<mib(!i-s of <>ach pjiir sciparate and t.he gamete 
contains only half as much chromatin as the somatic cell. The gametx* 
then contains one member of each chromosoiiK! pair. 10xc('ptif)ns to the 
above rule somcitinu^s occur whem unusual cytologic divisions take place. 

If there are largo numbers of factors and relativcsly few chromosomes, 
each chromosome must contain from several to many factors. If each 
chromosome retained its individuality, the only sort of recombination of 
factors possible would be those located in different chromosome pairs. 

As a result of the classical studios of Morgan and his coworkers with 
Drosophila, which have boon corroborated by many other geneticists with 
different organisms, modern theories of linkage and crossing over havxi 
been developed. While the mccluinism of crossing ovor is not wcdl 
understood and there is some dispute over the stage in which crossing 
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over occurs, the proof of crossing over and recombination of factors 
between members of the same chromosome pair appears absolute. Fac- 
tors in the same chromosome show linkage in inheritance, and the close- 
ness of linkage is, in general, correlated with the distance apart of the 
factors in the chromosome, according to the theory of the linear arrange- 
ment of factors. 

The present viewpoint is that, at some time in preparation for reduc- 
tion division, there is a doubling of the spireme and that at this time 
the members of the same chromosome pair he next to each other and wind 
about each other. Cytological proof of such an arrangement is available 
for some organisms but such an arrangement has not been observed in 
studies of reduction division with certain other organisms. It is further 
supposed that at this stage breaks may occur in the chromosomes and 
that the pieces may reunite in such a manner that a new chromosome is 
formed which contains parts of each of the homologous chromosomes 
that make up a pair. This change of location of a factor by which it 
becomes a part of the other member of the homologous pair of chromo- 
somes is called crossing over. 

The importance of crossing over is very great in practical breeding. 
It allows for a recombination of all factors which are in different loci and 
are not completely linked although, in order to obtain recombination of 
closely linked factors, large numbers of individuals must be grown. 

Most of the previous investigations show that many factors are 
inherited independently. This allows for numerous combinations 
when crosses are made. If there is a break, i.c., a cross-over or some 
other means by which factors which are partially linked may be recom- 
bined, a grater degree of segregation is possible than when factor correla- 
tion is absolute. 

In general, it may be said that the number of groups of correlated or 
partially linked factors is not greater than the number of chromosome 
pairs. Whether or not the above explanation is correct, partly so, or 
entirely wrong, it is a convenient theory with which to account for a 
large body of facts. It allows for classification of facts in such a way that 
correct breeding methods may be used. 

MendeFs law may then be summarized from the standpoint of the 
plant breeder as follows: 

1. Plants breed true for certain characters when all factors necessary 
for the development of the character are in a homozygous condition. 
There is a relative stability of factors. Changes in factors, or '^muta- 
tions,^' arc far too infrequent in most higher plants to furnish a basis for 
a system of breeding. 

2. There is independent segregation of certain factors. 

3. Partial coupling of certain determiners sometimes is found. The 
degree of linkage in transmission is quite constant. Crossing over or 



INTRODUCTION 


13 


recombination of factors within the members of a homologous chromosome 
pair occurs if the factors are not in similar loci, i.e., absolutely linked. 

4. Perfect coupling of certain factors, i.e., constant association of 
characters in inheritance, occurs. If two characters are absolutely 
linked, it may be supposed that they are a result of the same factor or 
factors since it is now realized that a factor frequently modifies the 
expression of several characters. 

As a possible exception to the usual behavior, apparent segregation 
in the somatic cells of some hybrids may be mentioned. In some forms 
these changes apparently occur frequently enough to be of practical 
selective value. 

Mendel’s law may be summarized in another way by saying that the 
first generation cross between stable forms, inaj^: resemblo one parent in 
one fbaracter. the Other parent in another character: may bo interme- 
diate^the"diaracter in question; or may exceed one or the other parent. 
All members' of F\ are of uniform habit. Segregation occurs in l<\ and 
“segregation of potential characters in the germ cdls of hybrids and 
their chance recombination” (Kast and Hayes, 19U) may be considered 
as a general law. In Fs and later generations, some forms breed true, 
others segregate. 

Homozygous forms may be obtained which contain the desirable 
characters of both parents. Such forms arc as stable as races which 
have been bred by straight selection. 

Hybridization as a Means of Producing Variations. — A quite recent 
explanation of the cause of germinal varial.ion and, thesrofore, the main 
cause of evolution is that of Lotsy (191(>), who gives to hyfnidization the 
major r61e in the production of variations. Souks serious criticisms have 
been made of this hypothesis iis an explanailon of evolution. With the 
higher plants, however, natural crossing has doubtless played an impor- 
tant evolutionary rAle. For the plant breed<u’ crossing is of much impor-l 
tance and it is the mily generally hnomi meum of prodmi'ng variatiorus of 
selection valw that is available as a imiclunl method. In cross-fertilized 
species crosses naturally occur followed by segr<fgation, and rocombinar 
tion follows. Selection isolates desirable genotypes. 

THE VALUE OF CROP IMPROVEMENT IN RELATION TO A MORE EFFI- 
CIENT AGRICULTURE 

Maximum yields of crops can bo obtoined only when all factors relat- 
ing to the various phases of ci-op production are favorable. The physical 
and chemical characteristics of the soil, correct time and rates of planting, 
and crop rotation must be considered. Recent studies have shown that 
there are marked differences in the effect of different crops upon those 

‘The meaning of F\, Ft, etc., and other genetic terms not explained in the text 
is given in the glossary. 
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that follow them in the rotation. Of utmost importance is the necessity 
that the crop be adapted to the soil and climatic conditions in which it- is 
to be grown and that profitable returns be obtained on the basis of the 
cost of production. 

After careful consideration of those factors wliich go to make up the 
home of the plant, attention may be given to the seed. The fact that 
there are remarkable differences in final yields from different varieties of 
the same crop is commonly known. As yet the possiliilities of crop 
improvement have scarcely been realized. Careful methods of seed 
inspection, registration, and treatment to control diseases are necessary 
to the greatest return from crop breeding. Education of the farmer will 
do much to overcome the evils of exploitation by the unscrupulous seed 
dealer or promoter who is anxious only to sell and make a profit on his seed 

The business of growing carefully bred seeds is one that needs an 
appreciation of these and other factors in seed production. No great 
amount of special training is needed to carry on this work. To the 
careful worker who is willing to build up a reputation by actual merit of 
his seeds, the business of seed production will prove a lucrative one. 

The production of improved forms by breeding is a line of work which 
demands special training. This can be obtained only from a study of 
the underlying principles of genetics. Nearly all of the land-grant col- 
leges and experiment stations, as well as some private sc^ed firms, are 
carrying on studios in plant brooding. Although these studies are yet in 
their infancy, results of much value are being obtained. By moans of 
accurate field exponments carried on at research stations and with 
farmer cooperators, the experiment stations and the federal Dopartjnent 
of Agriculture are enabled to give accurate information regarding the 
better varieties to grow. In the past thcvse studios have not always 
been made with a correct appreciation of the necessary technic 

It is the purpose of this book to outline methods of breeding in relation 
to the underlying principles involved, and to present what are coming to 
be recognized as proper field methods of carrying on these studios. 
Because the subject is a comparatively recent one, now methods of 
work arc constantly being found. It is therefore necessary to present 
different viewpoints in order that the prospective breeder may learn why 
certain practices arc giving the better results. 
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PLANT GENETICS » 

Since the rediscovery of Mendel’s law in 1900, there has been an 
intensive study of the laws of inheiitanc<i throush experimental breeding 
and other means. This has resulbid in the; <lev(dopment of a now biologi- 
cal science which is called “genetics.” A knowledge of the principles of 
this science is a necessity if the sf udemt of crop brex'ding is to pursue his 
work in the most logical manner. The writers, therefore, believe that a 
study of genetics should prec(ulo plant brcic'ding. Tluit-e are, however, 
many people interested in crop improveimmt who luive not had an oppor- 
tunity to pursue an intensive study of gcmetics. For this nsason, it 
seems advisable to present genetic principk^s in some d(d,ail. 

Methods of Studying Inheritance of Characters. — The characters of 
a plant are those qualities which stsrve to identify it. Th(?y are th(! 
means whereby one variety is diff(!rtuitiat<Hl from anotluw. The produc- 
tion of a varicity with only desirable characters is t.ho main aim of the. 
breeder. It is a commonly accepted fact among geneticists that 
Mendel’s law may bci used to explain the iuheritanwi of nearly all plant 
and animal characters. The character is considc^red to bo the end 
result of the interaction of certain inlieritofl factoi-s which are lociited 
in the germ cells; thos<! factoi-s under favorabki (>.nvironm<mtal conditions 
cause the production of the oharachvr. Thus (.mvironnumt and heredity 
both play important roles in character developTneiit. Tlu' laws of inherit- 
ance have been developed mamly by coutrolknl crosses Ixitween parents 
of known inheritance. By correlating the facts of character transmission 
from parent to offspring with known facts of cytology, an id(ia of the 
mechanism of heredity has been obtained. Before presenting a dc.scrip- 
tion of the factorial scheme which has been developed to explain Mendolian 
heredity, it will be necessary to give some of the main facts of reproduc- 
tion in plants. 

The Mode of Sexual Reproduction in Flowering Plants. — Nearly all 
higher plants produce seeds as the result of the union of sexual cells or 
gametes. Each body cell which is capable of further division contains a 
nucleus in which the chromatin is located. This chromatin, which is 
composed of a definite number of parts or chromosomes, gains its name 
from the fact that it takes a dark stain with certain reagents when other 

*■ In preparing this ohapt<u‘ other works on gene, ties liavo been trecsly used. Bab- 
cock and Cjuausjbn (1918) and East and Junks (1919) hav(! boon particularly helpful. 

16 



16 


BREEDING CROF PLANTS 


parts of the cell are unstained. In the soma or body of the plant the 
nucleus of each cell contains a definite number of chromosomes, half of 
which were obtained from the male sexual cell and half from the egg cell 
Each new body cell results from the longitudinal division of the cliromo- 
somes of a preceding body ceU. Thus aU of the somatic cells of a plant 
contain the same number of chromosomes. 

Preparatory to the formation of the germ cells or gametes, the chro- 
mosomes assume a paired condition, one member of each pair being 
obtained from the male parent and the other from the female parent 
At the formation of the sexual cells, or at reduction division, one member 

Femalft 



Fig. 3 — Diagram to illustrate production of male and fomalo gametes. A, m sonic 
forms as Lilium this megaspore mother cell functions diioctly as the embryo sac. Reduc- 
tion division in Lihum occurs at the first nuclear division within the embryo sac 

of each pair of chromosomes passes to each daughter cell thus reducing 
the chromosome number to half that in the body cells. Following this 
reduction division, there is an equating division whereby each chromo- 
some is divided into two qualitatively equal parts. This results in the 
formation of the male or female sexual cells, or gametes, as they are 
called (see Fig. 3). 

The male sexual cells are produced in the anthers and are carried 
in the pollen grains. A mature pollen grain contams two nuclei, a tube 
nucleus and a generative nucleus (see Fig. 4). 

After the pollen grain falls on the pistil, the tube cell elongates, form- 
ing a pollen tube which passes down the style. This tube grows through 
the tissue of the pistil and reaches the embryo sac. The generative 
nucleus passes into the pollen tube and divides, forming two nuclei which 
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are the male gametes. The pollen tube grows through the tissues of the 
pistil until it reaches the embryo sac, and the tip of the tube breaks after 
it penetrates the wall of the embi-yo sac. In fertilization one of these 
gametes of the pollen tube unites with the egg cell to form the embiyo 
of the seed and the other unites with two polar nuclei to form the endo- 




Fig. 4. — Author and poUon of the lily. 

A, mature anther, showing: the four loculfH, or chanibm, ooiitnining j>oU(‘n grains: the anther 
opens lengthwise on botli sideH along the lineK of eellH shown at a*; Htages jn the torniation of poU(‘U 
grains in a group of four (tetrad) within the pollen mothf’r eell; 0, mature pollen grain with early Btagen 
in the dovdopmont of the male gamtitophyte; h tulie nueleus; //, genctrutivtt nucleun. (A/ter lierf/ni. 
and Daviu.) 


If the chromosome number of each body cell is ropi'csentod by 2a:, 
each gamete would be represented by the embryo formed by the union 
of the generative cell with the egg cell would be 2x and the endosperm 


tissue 3x. 

The Inheritflbace Factors, — Inheritance factors are located in the 
chromosomes in a linear manner. Each factor, moreover, is considered 
to be located at a certain definite place or locus of a particular chromo- 
some. The inherited character is the end result of the interaction of 
specific genetic factors under the conditions of the environment. 

In Menders original experiments, and in many of the studies con- 
ducted in the early years after the rediscovery of Mendel's law in 1900, 
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the character by which the parents of crosses differed appeared to be 
dependent upon a single factor pair. In one parent the factors were in a 
dominant condition and in the other recessive. The Fi was heterozygous 
but resembled the dominant parent; in a simple segregation occurred 
This led to the conclusion that many characters were inherited as units. 
While certain character differences are dependent on a single factor pair, 
each character is a part of the physiologic complex which goes to make up 
the organism. Probably, as many recent experiments have proved. 



Fig. 6.-— Lonfiitudinal Rootion of (ho lower portion of tho oml)ryo sac of maize at the 
time of fertilization, pn, polar nuclei funinp;; nperm nucleuR fusing with a polar nucleus, 
pn, c, egg; m, sperm nuclcns in the egg, pt, pollen (.iibo; syn, Hynorgid, ?), vacuole {After 
Milley ) 

most, if not all, normal characters are the result of the interaction of 
many genetic factor. When a cross shows that two parents differ by 
only a single factor, this does not mean that only one genetic factor is 
necessary for the development of the character. It does moan, however, 
that a single factor of inheritance may cause a profound change in tho 
expression of the character of an organism. When a plant breeds true for 
a particular character, each gamete produced contains all factors neces- 
sary for the development of the character. These and other facts of 
genetics are best understood by considering the results of certain crosses. 
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Before discussing such results it will be desirable to review briefly the 
subject of variation. 

Variability of Characters. — It is commonly recognized that no two 
plants or animals are exactly alike. These differences are called varia- 
tions. Several means of classifying variations have been used. For the 
plant breeder a classification based oh inlierifancci appears of most value. 
On this basis variations are of two kinds: non-herit,able and heritable. 

Non-heritable variations, frequfintly called fluctuations, are due solely 
to some difference or differences in the environmental conditions under 
which the plants develop. Heritable variations, sometimes called modi- 
fications, are due to some differctnee or differene(;s in the hereditary 
characters of the organisms. Kither a progcuiy tcssli, or a study of trans- 
mission of the character in suitabki ci‘o.s.ses, under similar conditions of 
environment, is the critei'ion of iuh<‘ritanc(‘. 

Several illustrations may help t.<) make chair what- is meant by non- 
heritable variations. Baur (1914) cites raci's of Priinuln muenais which 
under normal conditions bnx'd constant, ly true for nsl .and white flowers, 
respectively. If the rcxl racft is pl.aced in part ial shack' in the greenhouse 
under tcmperatui’es of 30 to 3.5° (1., only whit-c! (lowc'rs arci produced. 

If those same plants arc^ brought into anot her givenhouse with tempera- ’ 
tures of 15 to 20° Cl, the flowc'rs which t hen develop are thc^ ucmnal red 
color. It is pointed out that what this red primula inherit, s is not a red 
flower color but the ability t,o producer a certain flower color under cer- 
tain conditions of the environment. Non-inherited variations have no 
value as a means of producing new variedies or st, rains. Such variations 
are, however, of importance to the brcieih'r. h’or example, a small 
shriveled seed of wheat has thet same, inherited characters as a larg(!, 
plump seed of the same pur(^ liiK^. The st'Ctdling, mwerthcdc^ss, produced 
by the shriveled seed, may g(‘t an unfavorable start,. A familiar example 
of non-heritable variat,ion is the difhsreiice in laught, of plants within a 
variety, which is dependent on differences in food supply, moisture, or 
sunlight. 

Inherited variat,ions may be placed in two clas.sos: (1) mutations, and 
(2) new combinations. 

Mutations are th(^ results of siukhm changes in th<( h(^roditary mecha- 
nism of the organism. They may Ire the. result of a single-factor change, 
of a change in two or more factors, or of a chromosomal aberration. 
The causes of such changes are not known for tlie most part, although in 
recent years much has Ireen learned regarding chromosomal aberrations. 
Much more must be learned regarding the nature of hereditary factors 
before the causes of factor mutations will bo determined. Mutations are 
sometimes of much value to the brooder. E.xainplo8 of mutations of 
economic importance will be found under a discussion of the brooding of 
various crops. When a desirable mutation occurs, it can be utilized as a 



20 


BREEDING CROP PLANTS 


means of producing a new race. As there is no known means of artifi- 
cially inducing favorable inherited variations, the breeder cannot depend 
upon them as a method of producing improved varieties. 

New combinations result from crossing varieties which contain differ- 
ent hereditary factors. The first generation of a cross between homozy- 
gous parents which differ in a certain character as a rule will be uniform 
and may resemble one or the other parent, may be intermediate in habit 
or a new character expression may be obtained. Second-generation 
plants, however, will be of different kinds due to the segregation of hered- 
tiary factors and their chance recombination in the germ cells of the 
Fl plants. When more than a single-factor pair is concerned, new com- 



Fig, 6 . — Inheritance of starchy and sweet endosperm in maize ear of sweet com 
with wrinkled seeds; (7, ear of flint com with starchy seeds; B, immediate result of pollinat- 
ing ear of starchy parent with pollen from sweet parent, I), produced by self-fertilizing an 
ear of an Fi plant of cross between sweet and starchy parent. Note the segregation into 
sweet and starchy seeds; E, an ear produced by planting wrinkled seeds of !>; F, G, B, ears 
produced by planting staichy seeds of D. Note that one out of every three oars is pure for 
the starchy character. {After Babcock and Clauaen.) 

binations of factors may occur and individuals in and later generations 
may be produced which have some of the characters of the one parent 
combined with some characters of the other. In some cases characters 
which are not present in either parent appear. These may result from 
the interaction of two or more factors all of which are necessary for the 
production of the character and part of which were contained in one parent 
and part in the other. When the factors concerned are located in sepa- 
rate chromosome pairs, their recombination is at random and the result is 
called independent Mendelian inheritance. When the factors are 
located in different loci of the same chromosome pair, linkage results, 
although recombination of factors does occur in many cases. Independ- 
ent Mendelian inhentance will be illustrated by means of suitable crosses 
and where the parents differ by one to several pairs of factors. 
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Monohybrid.— Sweet com, when mature, bears wrinkled seed, while 
flint corn produces smooth seeds filled with starch grains. If sweet com 
is pollinated with pollen from a flint variety, the resultant seed is starchy. 
There is an immediate effect due to double fertUization in which the endo- 
sperm results from the union of the polar nuclei with one of the gametes 
of the pollen grain. If the crossed seeds are planted and the resultant 
plants self-fertilized, the ears produced will contain starchy and sweet 
seeds in a 3 : 1 ratio. The facts may be presented by the use of the factor 
hypothesis. One of the chromosome pairs contains the factors for either 
the starchy or the sweet condition. Lot H represent the sweet factor, F 
the starchy factor. In the following diagram only one of the chromosome 
pairs, which contains the starchy and sweet factors, will be shown. 


F 

Somatic cell 

i> 


of flint parent 

D 

i 


— 





Somatic cell 
of tweet parent 


Gametes of parent* 


F 


S 





Fj bccU of starch) habit. The factor 
fur btarch development > produces 
a compleic dominance over the sweet 
iactor, S 



Male reproductive cells 


Female reproductive cells 



Of starchy appearance wrinkled aceda 


t 

Will breed 
true 


I y 

WIU segregate Will breed trtfe 

Diagram 1 . 




22 


BREEDING CROP PLANTS 


Dihybrid. — Crosses between varieties which differ in two independ- 
ently inherited characters may next be illustrated. The parental 
fornos in the case of each differential character will be considered to differ 
in only a single inherited factor. 

Parents Ch isACTBEb Gameteh 

White Pife wheat Awnless spike, white seed AW 

Preston Bearded spike, red seed BR 

There is a dominance in i^iof the red-seed color (brownish-red pigment 
in one of the bran layers) over the white and a partial dominance of the 
awnless over the bearded condition. The -Pi plants will, therefore, have 
red seeds and a slight extension of the awns near the top of the spike 

The inherited factors may be considered to be R for red seed, W for 
white seed, B for bearded, and A for awnless. W and R are considered 
to be located m homologous loci of one pan* of chromosomes and B and 
in homologous loci of another pair of chromosomes. The Pi plants may 
then be considered as ABWR, The gametes of these Pi plants may con- 
tain either A or B in combination with either W or R. The different 
combinations are supposed to occur in equal frequency. 

Wheat {Tnticum vulgare) has 21 pairs of chromosomes. The factors 
for bearded or awnless spike and for color of seed are independently 
inherited. They may be considered, therefore, to be located in separate 
chromosome pairs. In the diagram only two chromosome pairs arc 
shown. 


SomricCetL PabehtalOameies Ff Zyoote Fi<7AMeTE^ 



Duaiuiif 2. 
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The Fi plants obtained by the self-fei-tilization of Fi crosses will then 
be the result of all possible combinations of the gametes. The combina- 
tion will be mustratecl by the Punnet square. 


Female 


gametes 



Collecting th(< various c.ombi nations: 


Fi Plants 

1 AARR Awnless, n^tl seed, 

2 ABRR Int. awns, red seed. 

2 AARW Awnless, red seesd. 

4 ABRW Int. awns, sc*ed. 

I AAWW Awnlras, white seed. 


Fs BitKKLiNO Habit 

Will breed true for awnless Hpik(‘ and rod seed. 
Will segregate) for spike chtirael-er and breed 
iriK* for rtnl seed. 

Will br<‘ed true for awnless spike and s(»gregato 
for se(Hl (tolor. 

Will s<*gregate for both seed color iind spike 


Will breed true for awnless spike an<l whito 


2 A BWW 3nt, awns, white seed. 

1 BBRR Beardcid, red seed. 

2 ABRR Int. awns, re<l sec‘d. 

1 BBWW Beardtid, white seed. 


se(Hl. ^ 

Will segregate for spike habit and breed true for 

white scmhI. 

Will breed true for beard(‘d spike and red seed 
Will Hegregat<^ for spike habit an<l breed true few 
red seed. 

Will breed true for beartle<l spike and white 
seed. 


Several Factors Necessary for the Production of a Character. In 
many cases several factors arc involved in the production of a single char- 
acter. Thus the purple aleurono color found in Black Mexican sweet 
corn is dependent on the interaction of the factors !i, C, A, and 
Chap. XV, Maize Inheritance), C and A are basic factors toth of which 
must bo present for the development of color. When It, C, and A are 
present, the color in the aleurone layer is rod. Study a cross between 
Black Mexican which is homozygous for purple aleurone color and a 
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white sweet which is homozygous for factors R and A but which lacks 
the factors C and Pr. The recessive condition of the factor may be 
represented by a small letter. 

Parents Appearance Gametes Fi Cross 

Black Mexican . Purple color PrRAC PrprRRAACc 

White Sweet. . . . White color prRAc 

As the Pi seeds contain all factors necessary for the production of 
purple color in the aleurone layer, they will be purple. In later genera- 
tions the factors B and A may be considered to be present in each gamete, 
as both parents were homozygous for these characters. The gametes 
of the Pi plants will, therefore, be PrRAC^ prRAC, PrRAcj and prRAc. 
By the Punnet-square method, as illustrated in the previous topic, 
the student may determine the possible P 2 combinations. These will 
be found to occur in the following proportions: 

Appp.aranoe 
9 Purple aleurone 

3 Red aleurone 

4 White aleurone 

Linkage of Characters in Inheritance. — The brilliant experiments of 
Morgan and his coworkers with Drosophila have led to the development 
of the present chromosome theory of heredity. Several hundred inher- 
ited factors have been studied and their location in the chromosomes 
determined by their linkage relations. There are four pairs of chromo- 
somes in the fruit fly and four groups of linked factors. A large number 
of characters are correlated or linked with sex since they are dependent 
upon factors carried in the X- or sex chromosomes. In normal individ- 
uals there are two X- or sex-chromosomes in the female Drosophila, 
and a single X- and a F-chromosome in the male. There are two, other 
large groups and one very small group of linked factors in Drosophila. 
Correlated genetic and cytologic studies, where one of the small chromo- 
somes was missing, proved that the small group of factors were associated 
with the small pair of chromosomes. The two large groups of linked 
factors must then belong to the two pairs of large chromosomes. These 
three pairs of chromosomes are called autosoraes in distinction to the 
pair of sex chromosomes. Thus in Drosophila there are four pairs of 
chromosomes and four groups of linked factors (Morgan, it al., 1926) 
(See Fig. 7). 


Combinations 

1 PrPrRRAACC 

2 PrprRRAACc 
2 PiPrRRAACc 
4 PrprRRAACc 

1 pfrprRRAACC 

2 pfrprRRAACc 

1 PrPrRRAAcc 

2 PrpfRRAAcc 
1 prprRRAAcc 
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Fig- 7. — Map of four chromosomes of D. mclanogasler locating some of the factors which 
have teen most fully studied. The distances between the loci represent the average 
amount of crossing over between these points. (After Sharp, **l7Uroduction to Cytology.**) 
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Many studies of linkage in other organisms have been made and 
similar principles observed as in Drosophila, although data with other 
organisms are as a rule not extensive enough to furnish complete corrob- 
oration of the mechanism worked out with Drosophila 

At some stage prior to reduction division, members of a pair of homolo- 
gous chromosomes lie close together Jannsen originally observed breaks 
in members of homologous chromosomes in the thick thread stage which 
occurred when they were twisted about each other and the mechanism 
of crossing over has therefore generally been diagrammed as occurring 
in this stage Careful studies in Drosophila indicate, however, tliat 
crossing over in this organism occurs 

at a stage at which each parental chromosome has liecoine s])lit into two 
daughter chromosomes, i e , at the four strand or tetrad stage, and that crossing 
over invohcs two only of the four strands at any given point of crossing over. 

It is thought that the only stage at which this could occur regularly is 
between the last general division and the first maturation division 
(Morgan, et al , 1925). 

Much remains to be learned regarding the mechanism involved but 
the known facts of crossing ovov can be appreciated b(‘st by refercuice to 
an illustration oven though that illustrat.ion may not indicate correctly 
the actual period in which crossing over occurs. 



Fio. 8. — Diagrammatic roproHoniaiion of croHsing ov(‘r anti results At- 1U<‘ loft, the 
two original (5liioinosomes In the the twisted condition of the chiornosotiH^s in 

•lynapsib and thoir subset luent seijaralion At the right, tlio four types of chroinosomes 
w4u(*h losuli {Aflcr Bahcook and Clausen ) 

In the diagram C and W are located in the same chromosome of one 
parent and c and in homologous loci of a similar chromosome of the 
other parent. If there wore perfect linkage, thc^ only gametes produced 
would be GW and cw. Owing to a cross-over, however, Cw and cW are 
also ob tamed although loss frequently than the com lunations CW and cw. 
The following outline expresses the result on a percentagfj basis: 

CW 5i8.7 per cent; civ 38,7 per cent cW 11.3 per cent; Civ 1 1.3 por cent 

iion-crosH-ovoT ganu't(»H crosH-ov<^r gaiu<»t<iB 
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Accepting the view that factors are located in particular places in the 
chromosome, the value of the cross-over hypothesis in explaining degrees 
of factor linkage becomes apparent. 

Factors located very clo.se together in the chromosome are closely 
linked. If it were desired to recombine, in one individual, factors located 
in different mcmbei-s of a chromosome pair which were in near-by loci, 
it would be necessary to grow large numl)ers of individuals and the diffi- 
culty of obtaining the desired combination of factors would bo very great. 
Crossing over, however, allows recombinations of factors which arc 
located in the .same chromosome pair. This is of great importance as, 
theoretically, any particular combination of factors can be obtained 
unless both factors are located in similar loci of homologous chromosomes 
of related races. 

Multiple Allelomorphs.— C'ertain character expressions are a result of 
factors locates! in similar loci of homologous chrcjiuosomes. There are, 
for example, a gioui) of pericarp and (sob cedors in maize which are a 
result of multiple allelomorphs. These may bo ilhrstrated by citing 
several examples, although the list is really much greater than that given 
here (Anderson, 1021). Th<i following homozygous typos are known: 


Viiricty 1, red pcriciiri), red col). 

Variety 2, rod pericarp, white cob. 

Variety !{, wliite j)erieari), r('d eob. 

Variety 4, wliit.e pericarp, wliito oob. 

If varieties 1 and 4 are crossed, the />’t ]'esemble>s variety 1 and in /'’• 
there are on the average thrtio individuals likti variety 1 to one of variety 
4. In a cro.ss between 2 and the Fi resembles variety 1 and in /'\ 
the parents tmd A’l types are obtained in a ratio of one liko either parent 
to two of the Fi type. In a cross of 1 ami 2, the Fi type is like variety 1 
and a :i:l ratio is obtained in Fa. Those results are best explainetl by a 
system of multiple allelomorphs, Itt., characters wliich are dependent 
upon factors located in similar loci of homologous chromosomes. All 
that can bo obtained in Fa from such crosses is in each ca.se the parents 
and Fi tyim. It is theoretically impo,s.sihlo to differeutiato multiple 
allelomorphs and complete linkage. Results similar to tho.se given above 
could be obtained, if factors for pericarp and cob color were completely 
linked. 

Inheritance of Quantitative Characters. — Many of the important 
characters of economic phuits arc size or quantltativts characters, such 
as height of plants, size of seed, or relative date of maturity. It was at 
first thought that those characters did not follow Mondol’s law. Tho 
discovery that color characters were frequently due to the interaction of 
several inherited factors led to the explanation of the inheritance of size 
characters by similar means. Numerous controlled crosses have been 
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studied. The general nature of the results in this field may be illustrated 
by a cross between barley varieties which differ in the average length of 

internodes of the rachis (see Table I). _ _ 

In this cross between Hanna and Zeocriton, lax and dense varieties, 
respectively, the ranged from above the modal class of Hanna to the 
modal class of Zeocriton even though only 141 individuals were studied. 
The calculated coefficient of vanabihty for the F 2 was three or four times 
greater than for the parental varieties. Several small F 3 families were 
grown from F2 plants representing different densities. By examining the 
rable, it will be noted that some Fz linos bred comparatively true, the 
tangos for density being no greater than for the parental lines and the 



Fig. 9. — AveraRS spikes of the Zeocriton (left), Hanna (right), and f our homozygrnis 
hues Mean densities are as follows: Zeoonton, 1.9 mijlimeters; Honna X ^eoontoii, 
448-1, 2.3 millimeters; 448-5, 3.9 miUimetors, 448-11-3, 3 7 miUimetersj 448-15, 4 .i 
millimetors; Hanna, 4.G millimeters. 


coefficiente of variability also being low. Other Fz lines were as variable 
as the Ft generation while still others were more variable than the parents 
but less variable than the F®. 

Several Fz lines, which appeared homozygous, were tested in F4 and 
some of these on the basis of the more extensive test again, gave evidence 
of homozygosity. The general nature of the results is illustrated in 
Fig. 10 . These results show that homozygous lines for density may be 
obtained in Fz and F4, and that in this cross homozygous Hnes were 
obtained which approached the densities of the parents as well as homozy- 
gous b’nes with intermediate densities. The determination of just how 
many factors were involved could not be made without a more extensive 
test. The results can be explained on a genetic basis by the hypothesis 
that Zeocriton contains three independently inherited factors for density 
and that Hanna lacks these factors. The added hypothesis may be 


TabiiB I. — ^Hanna (460) X Zeocriton (1039) = 448 

Class centers for progeny density in mm. 
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made that each factor in a heterozygous condition gives half as great art 
effect as when homozygous. The factors may be considered to have a 
cumulative effect, two factors when present in a homozygous condition 
producing twice as great an effect as when a single factor is homozygous. 




W. HM 


Fig 10. — Dittfframs showing the densities of parental forms and of the Fz generation 
in a eioss bciwoon the Zoociiton and Hanna baileys (upper), ol four pnie lines (middle), 
and of sovoial hoterozygous lines (lower). (After Hayes and Hailan, 1020 ) 


Other factors of a smaller value are also doubtless present which modify 
the expression of the main density factors. East and Jones have sum- 
marized the results of such controlled crosses and they find a number of 
general conditions fulfilled. 


1 When pure or homozygous races arc crossed, the Fi populations arc similar 
to the parental races in uniformity. This conclusion devolves from observations 
that if any particular factors .4 A and aa arc homozygous in the parental rac.cs, they 
can only form A a individuals in the Fi generation. 

2. If the xiarcutal races are pure, F 2 populations ai*e similar, no matter what Fi 
individuals produce them, since all variability in the Fj generation is the result 
of varying external condiiJoiis. 

3. The variability of the F 2 populations produced from such crosses should bo 
much greater tlian that of the Fi populations, and if a sufficient number of indi- 
viduals are produced the grandparontal typos should be recovered. The lullill- 
,mcnt of this condition comes aliout from the general laws of segregation of factors 
in Fi and their recombination 111 F«j. 

4. In certain cases Fa individuals should he produced showing a greater or a loss 
extreme development of the character complex than cither grand])arout. 1 his is 
merely the result of recombination of modifiers, as was explained above. 

5. Individuals of different types from the Fa generation should produce popula- 
tions differing in typo. The idea on which lliis statement is based is, of course, 



PLANT GENETICS 


31 


that all F2 illdi^'idllals arc not alike in their inherited constitution and therefore 
must breed differently. 

(). Individuals either of the same or of different typos chosen from the 
generation should give ft poimlations differing in the amount of their variability. 
This conclusion de])ends on the fact that some individuals in tlieFo generations 
will be heterozygous for many factors and some heterozygous for only a few 
factors. 

A hypothetical case may be pcivon to show how the factor hypothesis 
may be us(ul to explain the inheritance of quantitative characters. Given 
two barley varieties as follows: 

Variety 1, av(U‘ag;(i hmgth of internodo of rachis 2.0 millimeters. 

Variety 2, av(U-ag;e length of int(U‘node of rachis 3.0 inillimcjters. 

Suppose these varicd.icss differ by two sepai'atcdy iiih(U’it(‘d factors, A anrl 
ft (^ach when liomozygous causing a lengthening of the internode by 
0.8 milliinet(u*s; wh(ui h(d(‘r<)zygoiis by 0.4 millimet(‘rs, 


Vari(dy I aahb fiam<‘te ab „ 
Vari(dy 2 A ABB CJamete AB. ^ 


Zygotic x\aBh 


Combinations in 7^’^ would occur as follows: 

F>i, PlANTH /'’s liltEKDINO NATUriK 

1 AABE Would hrcicd true for length of internodo of 3.(> inillimotors. 

2 AaBIi Would sogrogato from 3.(> to 2.S inillnTi<‘t(^rs. 

2 AABh Would segrogaio from 3.t) to 2.8 inilUim^torH, 

4 AaBh Would sc'gn^gaUt as ft, 

1 AAhh Would fu’Wjd iru<< for length of internodo of 2.8 rnilliimitors, 

2 Adhb Would segrt'gtite from 2.8 to 2.0 millimeterH. 

1 aaBB Would j>r<uHl tru<5 for length of iirhjrnodt^ of 2.8 millimeUtrs. 

2 aaBh Would H<^gregate from 2.8 to 2.0 i nil I im (iters. 

1 aahb Would bnuid triui for hiugth of hiUirnode of 2.0 millinuitcrs. 

Probal)ly fow nizc) churaciors are as simple in their inheritance as this 
ilIustrai,ion. The factor notation, however, assists in gaining a concep- 
tion of the mode of transmission of these size cliaract.ors and there se(;ms 
to bo no good Kiasou for bclujving that a different nuashanism is involved 
from that involvi^d in tlui inheritance of color characters. Knviron- 
mental condit ions pi-obably play a larger rdki in the modification of the 
appearance of size (!harac!l.ors than for color characl.ers. 

The best proof that quantitative cliaractors are inhorittsd in the same 
general manner iis <iualitative characters has been ol)tain(!d from linkage 
studies. Tn these stiulies size or quantitative characters were corre- 
lated with qualitative characters which arc dependent upon factor pairs 
whose linkage relations are known. One such case for resistance to the 
spot-;bIotch disease in barley, caused by Helmvnihon'ponum aativum, has 
been rather extensively studied in Minnesota (Griffeo, 1925). I'he paremt 
varieties were as follows: 
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SVANHALS 

White hull and pericarp 

Two-rowed 

Rough awn 

Resistant to spot blotch 


Lion 

Black hull and pericarp 

Six-rowed 

Smooth awn 

Susceptible to spot blotch 


Each of the character pairs, white versus black, two-rowed versus six- 
rowed, and rough vei'sus smooth awn, appear dependent upon a single- 
factor difference and independently inherited, that is, the factors for each 
of these three character differences are in different chromosome pairs. 
By considering each pair of characters separately, a definite correlation 
was found in F2 (each F2 plant was tested by growing and examining its 
F3 progeny) between each of these character pairs and resistance versus 
susceptibility. Thus more of the white plants than of the black were 
resistant, more six-rowed than two-rowed, and more rough-awned than 
smooth-awned. Resistance and susceptibility, however, were not 
dependent upon the same factors which conditioned the other characters, 
for it was possible to obtain a resistant, white-hulled, two-rowed, smooth- 
awned variety, and also resistant, black and resistant, six-rowed varieties. 
It seems fair to conclude that at least three pairs or gi*oups of factors are 
involved in resistance or susceptibility to H. sativum and that these factors 
are located in the same chromosomes as the factors for color, row number, 
and smooth versus rough awns. 

Lethal Factors. — A lethal factor may not necessarily be any different 
in its inheritance from any other factor. Familiar examples for the plant 
breeder are chlorophyll-deficient, seedling lethals which cause the death 
of the seedling after the food supply of the seed is exhausted. Such 
undesirable factors frequently are observed in plant and animal material 
and may be thought of as deviations from the normal. By moans of 
such lethals or semilothals which weaken the organism, some idea may 
be gained of the great complexity of many important normal characters 
from the inheritance standpoint. Thus deviations from the normal 
chlorophyll development have been observed in many-selfed lines of 
maize, and the location of some of the genetic factors involved have been 
determined. A large number of different chlorophyll variations have 
been studied which are dependent upon factors located at different 
places in the chromosomes. Other lethals and seimlethals which cause 
deviations from the noimal have been observed. Much of the work of 
the plant breeder, with some crops, is directed toward eliminating unde- 
sirable lethal or semilethal factors from the organism. The origin of 
those factors is a matter of great interest. It appears, however, that 
even though they may recur occasionally, it is desirable to eliminate 
as many of them as possible. Some breeders have held that, since yields 
were not being rapidly increased by breeding, little could be expected 
from this mode of attack. With the increased complexity of modern 
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methods of living, plant diseases and insect pests are rapidly increasing 
and new diseases are brought in from other regions. The geneticist 
can do much to aid in keeping our economic plants and animals in their 
present state of high productivity, as well as help in obtaining higher 
productivity through controlling the factors of inheritance. 

Mutations.— Mutations may be classified as (1) factor mutations 
and (2) chromosomal aberrations. The lethal factors discussed pre- 
viously are without doubt examples of changes from the normal dominant 
condition to the recessive state. 

The frequency and nature of factor mutations is a subject of much 
interest. That changes in factors do occur is rather generally recognized. 
Stadler (1926) has made a study of the frequency of factor changes for 
some normal endosperm characters of corn. The method used eliminates 
contamination as a source of error and permits the determination of the 
frequency of mutation in the female germ tract previous to megasporo- 
genesis. The following brief description was taken from Stadler: 

Suppose we wish to dotermine the rate of mutation in i.ho gene G which in the 
presence of certain other dominant genes determines aUiuroiie color. When C is 
dominant the aleuronc is colored, wluiii c is recessive it is colorless. Plants 
homozygous for the dominant 0 are pollinated })y jdants homozygous for the 
recessive. 

The heterozygous grains are colored but occavsionally a colorless 
seed is obtained. By growing these colorless grains, Rtadlor determined 
that they wore genetically colorless and not the result of a non-heritablc 
variation. 

The plants produced by the colorless grains were backcrossed to the 
hymozygous recossive cc and as colorless seeds were obtained, it appears 
that the seed planted was homozygous for the recessive condition for the 
factor c. Other tests were conducted which made it seem fairly conclu- 
sive that tiie changes observed were gone mutations, although Stadler 
stated that method will distinguish between a gene mutation and 
the loss of a section of chromosome too short to roach the next known 
geno/^ 

The following results wore obtained; C mutations for c in 55,618 
chances, 2 mutations for sh in 93,10(i trials, and no mutations for wx, 
pr, or su in approximately 12,000 grains each. Apparently, factor muta- 
tions are relatively infrequent in maize. The view of factor stability 
which seems most helpful for the plant brooder has been clearly stated by 
East and Jones (1919): 

For these and other reasons which might be given, could further space be 
devoted to the subject, we believe there should bo no hesitation in identifying the 
hypothetical factor unit with the physical unit factor of the germ cells. Occa- 
sional changes in the constitution of those factors, changes which may have great 
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or small effects on the characters of the organism, do occur; but their frequoncy is 
not such as to make necessary any change in our theory of the facitor as a ix'rnia- 
nent entity. In this conception biology is on a par with chcinistry, for the* 
practical usefulness of the conception of stability lu the atom is not affected 
by the knowledge that the atoms of at least one element, radium, are bieakiiig 
down rapidly enough to make measurement of the piocoss possible. 

Chromosomal Aberrations. — The number of chromosomes is specific 
for each organism and the individuality of each chromosome is an 
accepted fact by most geneticists. Besides those mutat ions which consist 
of changes in a single genetic factor, it is apparent that any change in 
the chromosome condition is of interest Chromosomal aberrations may 
bo classified under three geneial headmgs; (1) loss or gain of a part of a 
chromosome called deficiency or dupheation; (2) loss or gain of a whole 
chromosome as a result of non-disj unction; (3) polyploidy, or increase 
of chromosome numbers as a multiple of a fundamental miiuhor. 

The chromosomal aberrations classed under the heading of (2) and 
(3) have been so far the chief sorts which have been found in plant mate- 
rial The extensive studios of Blakeslce and his coworkers with 1 )atura 
as well as the studios with Oenothera prove conclusively that non-dis- 
junction is a cause of various sudden changes which have been observed 
Primary non-disjunction occurs when both members of a chromosome pan- 
fail to disjoin and pass to the same pole. This may occur at reduction 
division and leads to the production of an individ ual with an extra chromo- 
some which frequently is a cause of a change in the character expression. 
New types as a result of non-disj uuction which breed true have not Ixion 
obtained in experimental material. Miss Mann (192.5), however, as a 
result of careful studies in Cropis species has observed relationships which 
could be well explained by such a hypothesis. Thus Crepis capillans 
contains three pairs of chromosomes which can be differentiated from 
each other by measurements of size. C. bursi/km contains two paii-s 
which aro similar to the lai-go and small chromo.somos of two pairs of 
capillaris and two other pairs, each of which is of similar size to the third 
pair of capillaris. 

Many cases of apparent polyploidy arc of interest to the plant breeder 
and there is some circumstantial evidence of such origin. Thus in wheat, 
oats, and barley .some species of each genus contain 7, H and 21 pairs of 
chromosomes, respectively, and it is generally believed that species with 
the higher chromosome numbers arose from those with lower numbers. 
In wheat the species known as Triticum vulgare to which the varieties of 
greatest economic importance belong contains 21 pairs of chromosomes, 
while in the barley genus, Ilordeum, all of the cultivated varieties contain 
7 pairs. Doubling of the chromosome number has occurred in experi- 
mental material in Datura, Primula, and in Oenothera, and the now forms 
bred relatively true. The combined genetic and cytologic att/ack is 
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helping to clear up many points in heredity that were formerly more or 
less of a mystery. 

Crosses between Related Species with Different Chromosome Num- 
bers. — In discussions of brooding certain crops, notably wheat, a resume 
will bo given of cross(‘S between species which differ in chromosome num- 
ber. It appears sufficient at this point to classify such crosses on the 
basis of their cytf)logical behavior (vsee Sax and Sax, 1924). 

1. All chromosomfis may fail to pair in Fi, Such results were obtained 
in a cross IxffAveen Crepiff ,^ctom (4 haploid) X C, capillaris (3 haploid). 
In Fi plants sev(^n chromosomes were observed. The Fi plants were 
partially sterile and reduction division was irregular (Collins and Mann, 
1923). 

2. A varying number of chromosomes may pair in the F^ reduction 
division. Such rc^sulfs were ol)serve<l 1)y Farmer and Digby in a cross of 
two sp<jcies of Poljfpodium. 

3. The chromosom<‘s of one parent may pair in F\ reduction division 
with some of t-lu^ chromcjsouH'S of the otiier parent. Such results were 
observed l)y K'iliara (1919) and Sax (1922) in wheat crosses where the 
parent sp(^ci(‘s cont.aiii<‘d 14 and 21 chromosome pairs, respoctivoly. 

4. The chromosouKNS contribuUul by one panmt may not pair with 

those of th(^ otiuu*, t>ut {)airing may occur among the chromosomos con- 
tributed by only on<^ of the parents. These resul(.s wore obtained in a 
cross of (hr/pis (haploid == 4) X C. biamm (haploid — 20). Col- 

lins and Mann (1923) tliought that the twenty biennis chromosomes 
paired wii.h each other and that the setosa chromosom(is remained 
unpaired. If su(4i was t he case probably biennis is a polyploid si)ocios. 

5. At nxluction division, chromosomos unite in sets of more than two. 
Thus in t.riploid Dattiras the (jhromosonuss arc gi-oupod in 12 sets of three 
chromosoimss ea<jh at the heterotypic stage of nHluction division. Two 
mernlx'rs of each mt pass to on<^ pole and the oilier member passes to the 
opposiffj poh and apparently this occurs at raiuioju (BcUing and Blakes- 
lee, 1923), 

This bricif discussion is perhaps sufficient to give some idea of the 
various typ<^s of bdiavior which may bo (jxpocted in crosses between 
related spt^cies. I<\)r any particular crop wheu’o such specu^s crosses are 
of value, it is mxjessary to nuiki) intensive correlated generic and cytologic 
Kstudies. It is probable that some of the peculiar results which have hqen 
obtained may be explained eventually by cytological irregularities or 
by chromosome affinit.i(‘s different in the hybrids than in the parental 
varieties. 



CHAPTER III 
BIOMETRICAL METHODS 

The use of statistical methods in an analysis of the mode of inheritance 
of chai'acters, in studies of the correlation between characters and m studies 
of genetic hnkages, together with the need of biometry in an interpreta- 
tion of the experimental results from field-plot trials, are some of the 
reasons why the plant breeder should have a working knowledge of 
biometrical methods. There is considerable variation between separate 
determinations of such characters as yielding ability, reaction to pathoge- 
nic organisms, strength of straw or the feeding value of different crops, 
and of strains within crop varieties. In some cases, results of a single 
trial are published and advice is based upon such results. 

The purpose of the present chapter is to present some of the more 
important biometrical tools and to illustrate their mode of calculation 
and their meaning. It is impossible to treat thoroughly the subject of 
biometry in a single chapter. Courses in biometry are now given in 
many of the colleges and universities. The present chapter will serve, 
perhaps, to help those students who have not had an opportunity to 
study biometry under a well-trained biometrician. It will also serve 
as a reference where the more commonly needed biometrical formulie 
can be found, together with an illustration of their mode of calculation. 

In dealing with such quantitative characters as length of ear in com 
or height of plant, numerous measurements will commonly be ta,ken. 
Because of the work involved, the number of measurements will be limited. 
By statistical treatment, the results can be analyzed. It is of importance 
that the sample used for the measurements represent a random sample 
of the population and that the data be taken accurately. The units of 
measurement to be used will depend upon the extent of .variability of 
the character which is being studied and upon the degree of precision 
required. 

Constants of the Normal Curve.— The constants most commonly in 
use are baaed upon functions of the normal curve of probability or of 
error, as it is sometimes called. Such a curve is obtained approximately 
by expanding the binomial (o + 6)” where a = b — 1 and n approaches 
infin ity. Polygons representing the expansion of (o -h 6)® and (a + ft)*® 
are compared with the normal curve (see Fig. 11) . 

The more important constants are the mean, mode, standard deviar 
tion, coefficient of variability, and probable error. 

36 
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There are various methods of calculation of these constants. The 
methods illustrated here are, in general, adapted for machine calculation 
and are those which are recommended by Dr. J. Arthur Harris, who 
has done much to stimulate the use of biometry as an aid in correct analy- 
sis of biological problems. 

The mean M is the arithmetical average and is the best measure of 
y Y” 

type. M = whore SA' = sum of the variates and n = total variates. 


Where measurements are placed 
in classes, X =fV; where, / = fre- 
quency; and V = class center. 

The mode is the class of 
greatest frequency. In a normal 
curve the mean and mode coinciile. 
In some cases multimodal curves 
are obtained. In the illustration 
on page 30 for length of internodo 
of the barley j-achis some multi- 
modal curves representing Fn gen- 
erations are shown in the lower 
figure. In those curves tlio results 
are duo to a combination of en- 
vironmental conditions together 
with genetic factors for length of 
internode. 

The standard deviation is 
an absolute moa.sure of varia- 
bility in terms of the unit of 
measurement. 



Ptfi. U . — Polyfiona r<‘iJrt*Mi*i‘tingoxi)»uHioii o. 
tlio biiuimiulB (a and (o +i)‘" an com- 
piirifd with tlio uoniiul curve. (,Aftcf 
and (HauHcn.) 


In a formula frequently given B. D. = ~ deviation 

of a class from the moan, / = frequency, and n = number of individuals, 
w — 1 is recommended in place of n where the number of individuals is 

less than 60. .... 

Coefficient of variability is a relative measure of variability m per- 
centage, It is of value in comparing the variability Of populations with 
different means or differing in units of measurement. 


C. V. 


8. D. X 100 

M' 


The reliability of a particular biometrical constant is determined by 
Its probable error. The smaller the probable error in relation to the 



38 


BREEDING CROP PLANTS 


magnitude of the constant, the gi^eater the confidence that may bo placed 
in the meaning of the constant. The probable error is the quantity, 
which, when added to and subtracted from the biometrical constant, 
gives respectively a sum and a difference between which, the chances arc 
even, the true value lies. For example, if the mean height of a certain 
group of 100 students was 6 7 feet with a probable error of ±0 1, the 
chances are 50 50 that the mean height of another group of 100 students 
taken from the same population would fall between the limits 5 G and 5.8 
feet. It is apparent, therefore, that the chances are also 1 . 1 that the 
mean height would fall outside of the limits set up by 5.6 feet as the lower 
limit and 6.8 feet as the upper limit. 


P. E. of a single determination = S. D. X ±0.6745. 

. X- ±0 6745S.D. 

P. E. of mean or of n determinations = -7 * 

±0C745S.D. 


P. E. of S. D. 


\/2n 


P. E. of C. V. for a C, V. value of 10 
or less 

P. E. of C. V. for a C. V. value of more 
than 10 

P. E, of a difference 


±0 6745 CJ7. 
'\/2n 
C, V. 


« ±0.6745 1 + 2| 

V 2n_ 

« ^/a^ + 52 “-:-27;;rx'a“>r6 


/c.v.yiH 

\roo;_ • 


where a and 6 represent the probable errors of the separate values being 
compared and r is the correlation between separate measurements o f the 
quantities being compared. When r is 0, the formula becomes 'v/a^ + 

P, E of an average of averages = 

where N = the number of separate averages and a * 6 • c . * . n represent 
the separate probable errors. 

For averages representing different numbers for the separate calcula- 
tions this formula becomes 

P. E. = 

in wHoh ni, ni, etc. are the total numbers within a group; Ci, e^, otc. 
separate probable errors, and N the total numbers in all gi‘OU])S. 

The probable error of a Mendelian ratio for numbers may b(! obtained 
from the formula 0.6745 s/pqn and for percentages from the formula 

0.6746.^^ in which w is the total number of individuals and p and q 

are the percentages corresponding to the ratios concerned, as 0.76 and 
0.25 for a 3: 1 ratio (providing neither pe or q are very small) Tables of 
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probable errors of Mendel ian ratios have been computed and can be 
purchased from the Department of Plant Breodins, Cornell University. 

In some cases, it is desirable to calculate a mean and standard devia- 
tion based upon a small number of individuals. It is generally conceded 
that at least 20 records should be available, although under certain 
conditions, computation based upon smaller numbers may be worth while. 
Definite rules cannot be laid down regarding this or other biometrical 
problems. In general, provided the work is carried on accurately, a 
positive relation between numbers and reliability exists. With small 
numbers of individuals, it is not necessary to place the results in a fre- 
quency table. 

One of the methods of obtaining an idea of the variability of yields 
and of the consequent probable eiTor in field-plot trials is to use the 
results obtained from systematically disf.ributod check plots of a standard 
variety for the computation. In the following illustration each yield 
given in bushels represents the average from four systematically distrib- 
uted rod-row plots of Marquis wheat: 


.V 

.V2 

20.9 

723. ()1 

2-1.7 

010.00 

27.4 

750.70 

, 20.:^ 

858.40 

24.4 

505.30 

27.1 

734.41 

27.8 

772.8-1 

24.0 

005.10 

25.4 

045.10 

30.3 

918. (M) 

27.0 

720.00 

28.8 

820,44 

27.0 

‘778,41 

25.0 

055.30 

20.0 

723.01 

20.6 

707.50 

SC.V) 430,7 

2i(A')’ n, 637.. 35 


Mean of X = X = 430.7 -f- 16 = 26.92 2:(X)Vn = 727.3344. 

S. D. = V'727.3344 - 724.6864 = Va.edSO = 1.63'. 

P. E. of a single determination = 1.63 X 0.6746 «= 1.10. 


P. E. of mean =* ±0.6746 

P. E. of S. D. = ±0.6745 « 

V32 


= 0.27. 
0.19. 


For small iiunibors, on the basis of •— 1, in tho cUunoTninatop^ the calculated 


value may be multiplied by 4nly or 
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When larger numbers are available, the separate results are collected 
in the form of a frequency distribution. If the difference between consec- 
utive class centers is an odd number, it facilitates somewhat the making 
of the summary and allows the class centers to be whole numbers. In 
the following frequency distribution, diameters of pollen grains of the 
varieties of wheat, Marquis, Tnheum mlgare, and Mindum, T. durmij 
are summarized. The data were taken at Minnesota by Griffee. Class 
center 57, for example, contains all diameters from 55.5 to 58.4, etc. 


Table II.— Frequency Distribution for Diameters of Pollen Grains of Mar- 
quis AND Mindum Wheats 


Variety 

Olafasps for diameter of 
pollen grama in microns 

Total 

Mean 

S 1) 

C, V, 

42 

45 

ts 

51 

*54 

57| 

oo| 

63| 

or>| 

591 

Marquis 

Mindum 

1 

1 

7j 

37 

3 

8 

14 

! 

28 

8 

45 

18 

1 

100 

100 

62 28 ± 0 18 
53 If) t 0 23 

2 02 ± 0 12 
3 if) i 0 10 

4 21 1 0 20 
0 40 + 0 31 


An illustration of the calculations of the mean and standard devia- 
tion for diameters of pollen grains in Marquis wheat is given: 


CL\h.S CUNTEH 

Frequentcy 



V 

/ 

2(X) = 2i(ry) 

SU'*) « SCFS X /) 

57 

8 

45() 

25,992 

60 

28 

1,680 

100,800 

63 

45 

2 , asr > 

178,005 

66 

18 

1,188 

78,408 

69 

1 

69 

4,761 


300 

6,228 

388,566 






s. D. = - (62.28)-^ = 6.8616 = 2.62. 


In actual practice, with machine calculation, only the totals, and not the 
values of separate calculations, would be carried out. 

For the student who does not have available a calculating machine, 
the short method of computation known as the guess method may bo 
desirable. This method may be found in various textbooks ‘ whore statis- 
tical constants are discussed. 

In determining the importance statistically of any calculated result, 
the probable error is used. A difference between two results, which is 
5 to 10 times the probable error of the difference, is sufficiently great so 
that the chances that the difference is not due to errors of random sam- 
pling are very great. 

‘See SiNNOTT and Dvnn, “Principles of Genetics,” p. 245, Mearaw-nill Book 
Company, Inc., New York, 1925. 
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The meaning of the pj-obable error can be understood best from a 
study of a normal curve. 

In Germany and some other European countries the standard devia- 
tion, sometimes called the standard error, is used in place of the probable 
error in which case the signihcance of a result is determined on probability 
tables based upon she standard deviation. In America probable error 
is used as the measure of the mathematical significance of the calculated 
constant providing that controllable en‘ors have been eliminated. Two 
illustrations may help to make the meaning clear. Suppose the differ- 
ence between two biometrical constants is 5 and the probable error of the 
difference is ±5. The question arises whether this difference has any 
significance. In this case the deviation divided by the probable error is 



Fio. 12. — A normal nurvo of orror showiiiK fix' roliitionship botwoon tho quartile, i.e., 
tho probable error of a BinRlo variate, and the wUvridard deviation. Q = 0.074.5<r. lii this 
curve the mode, median, and moan are idonticfal. Tho (juartilc* equals the probable error 
of a sinRlo variate. Tho proportions of variates within (®rtain areas of the curve are as 
follows: 

within M ± Q, 50 per cent, of tho vuriatoa, within if ± a, fiS.S per cent of tho variates; 
within Af ± 2(3, «2.3 per oont, of the variates, within M ± 2<r, flS.S por cent of tho variates; 
within M ± 3Q, 9.5.7 por cent of the variates, within ilf ± 3<r, 99.7 por cent of tho variates. 
(After Babcock and Cla-uaen.) 

1 and, therefore, in another similar experiment the probability of the 
occurrence of a deviation as great or greater than 5 due purely to chance 
is 50:50 and similarly the odds against the occurrence of a deviation as 
great as or greater than 5 due to chance is 1 : 1. In other words the 
difference 5 4; 6 has no statistical significance but may be attributed 
wholly to random fluctuation. Suppose, on the other hand, a difference 
of 10 + 2 is considered. In this case, tho difference divided by its probable 
error is 5. Opposite tho number 5 in the first column of Table III, the 
number 0.074 is recorded in the second column. This means that in 
another similar experiment the probability of obtaining a difference as 
great as or greater than 10 due solely to chance is only 0.074 to 99.926, 
or stated in another way the odds against the occurrence of a difference 
as great as or greater than 10 due solely to random fluctuation is 1,.350.36 
: 1 (third column). Here then is a retd difference and it becomes neces- 
sary, to seek a cause for it other than chance fluctuation. 
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Table III. — Pbobabilitt of Occurrence op Statistical Deviations op Different 
Magnitudes Relative to the Probable Error 


Deviation divided by I* E 

Probable occuircnce of a 
deviation as gieat as oi gi eater 
than the defeignated one 

Odds against the occunenee 
of a deviation aft groat as or 
greater than the designaled one 

1 0 

50 00 

1 00 1 

1 1 

45 81 

1 18 1 

1 2 

41 83 

1 39 1 

1 3 

38 06 

1 ()3 1 

1 4 

34 50 

1 90 1 

1 5 

31 17 

2 21 1 

1 6 

28 05 

2 57 1 

1 7 

25 15 

2 OS 1 

1 8 

22 47 

3 15 1 

1 9 

20 00 

i 00 1 

2 0 

17 73 

4 (»4 1 

2 1 

15 67 

5 38 1 

2 2 

13 78 

0.26 1 

2 3 

12 08 

7 28 1 

2 4 

10 55 

8 IS 1 

2 5 

9 18 

9 89 1 

2 6 

7 05 

n 58*1 

2 7 

0 80 

13 58 1 

2.8 

5 90 

15 95 1 

2 9 

5 05 

18 80*1 

3 0 

4 30 

22 20 1 

3 1 

3 65 

20 40 1 

3 2 

3 09 

31 30:1 

3 3 

2 60 

37 40:1 

3 4 

2 18 

44 87*1 

3 5 

1 82 

53 95:1 

3 C 

1 52 

04 70 1 

3 7 

1 26 

78 37 1 

3 8 

1 04 

95 15*1 

3 9 

0 853 

no 23' 1 

4 0 

0 698 

142 20 1 

4 1 

0 509 

171 75 1 

4 2 

0 461 

215. 02-1 

4 3 

0 373 

207 10 1 

4 4 

0,300 

332 33:1 

4 5 

0 240 

415 07*1 

4 G 

0.192 

619 83 1 

4 7 

0 152 

056 89.1 

4 8 

0.121 

825 45:1 

4 9 

0 096 

1,051.03:1 

6,0 

0 074 

1,350 35*1 

0 0 

0 0052 

10,230.00:1 

7 0 

0.00023 

434,782 00:1 

8 0 

0 000000008 

1.470,588,234.00*1 
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Table III presents computations which assist in determining the 
mathematical significance of the result on a probable-error basis. 

Correlation of Characters. — The previous illustrative problems have 
referred to the variability of expression of a single character and to the 
means of interpretation. In actual practice, two or more characters 
frequently must be worked with at the same time. There are two 
different classes of associations of interest to the plant breeder: (1) those 
due to physiological causes and (*2) those definitely the result of genetic 
linkages which result from the fact that the character expressions are 
dependent upon genetic factors located within the same chromosome. 
In actual practice, as long as environmental conditions remain the same, 
the same tendency for physiologic correlation of characters would be 
expected. In considering genetic association, it is to be expected that the 
genetic linkage can be broken and, in certain lines, a change from a posi- 
tive association to a negative one would be expected. The usual method 
of studying the association of two characters, which is not dependent 
on a known genetic linkage, is by moans of a correlation coefficient. In 
certain cases, the correlation coefficient is a convenient means of deter- 
mining the extent to which the character is transmitted under the condi- 
tions of the experiment. 

The coefficient of correlation r is used as a measure of degree of asso- 
ciation. Perfect positive correlation is 1 and perfect negative correlation 
—1, while intermediate values denote association of a lesser degree. 
A convenient working formula is 

^ ^ nXY)/ji-JCY 

where X and Y are the means of Zand Y, respectively. 

If only small numbers of individuals are available for the measurement 
of each character, the results need not be placed in classes or even in a 
table. The following illustration is given for this calculation where pro- 
tein content and loaf volume are the characters studied. The separate 
strains of wheat were grown at four stations in Minnesota, and the seed 
for the milling and baking trials was a mi.xture of equal quantities of seed 
for each, of the four tests. The milling and baking studies were made 
under the direction of Dr. O. H. Bailey of the Department of Biochemistry 
of the Minnesota Agricultural Experiment Station. 

In the problem, the respective values of X, or loaf volume, and Y, 
or protein content, are arranged in parallel columns. The means of X 
and Y are obtained directly by adding the totals for each column and 
dividing by the number of tests. 2(Z) '■* and 2( F) * are the squared values 
for each separate entry of X and F, respectively, and the summation of 
the same, while S(XY) = the summation of the product of each value of 
X by the corresponding value of F, The problem is illustrated here. 
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X = Loaf 

r = Protein 

Volume 

Content 

1,980 

14 9 

2,030 

14 3 

2,235 

17 1 

2,245 

15 4 

2,285 

15 3 

2,225 

14 7 

2,030 

14 3 

2,070 

14 7 

2,010 

14 1 

2,000 

13 9 

1,990 

13 4 

2,010 

14 1 

2,000 

14 1 

2,000 

14 1 

1,930 

14 9 

1,970 

13 7 

1,980 

13,7 

2,010 

13 0 

2,020 

13 4 

2,010 

13 0 




S(-Y) * 41,000 
2i(X)/n = 2,051 5 


S(y) = 287 0 SCX)2 = 81,024,900 SfV)’ *= 4,149 90 SCXl) « 592,057 5 
S(y)/« « 14 38 2;fX)V« == S(r)V« == SC^ri'Vn « 

4,231,215 207 198 20,002 875 


Substituting in the formula for r, 

29,602 875 - (2j^0M.5 X_14J8) 

’’ “ V4,231,245"^T^^^>) V2()f 498 - (14 38)* 

P.E. ofr = ±0.6745 ±0.0788. 

V 


Since tT^t- is 8.8 these data prove very conclusively that there was a 

Jr. lij.r 

direct correlation in this material between protein content and actual 
loaf volume as determined by a baking trial. 

With a larger number of individuals, the data for each character niay 
be placed in classes and the material entered in the form of a correlation 
table or correlation surface. An illustration is given for the relation 
between protein content and the number of seeds per ear in corn. The 
actual class values for number of seeds ranged from 25 to 375, wlule the 
class centers were separated by 50 seeds. The class values for protein con- 
tent ranged from 12.5 to 18.0 with class centers separated by 0 5. For the 
calculations, arbitrarily selected class centers of 1, 2, 3, etc. were used. 

In this problem yX equals the frequency of each class value of X multi- 
plied by the class value of Y and the summation of the same. For 
example, the calculation of yX for protein content class center 14.5 or 5 
may be illustrated. The calculation is as follows: 

(1 X 6) + (1 X 7) + (1 X 8) = 21. 

(yX) * may likewise be illustrated for the same class value as for yX 
(1 X 6*) + (1 X 7*) + (1 X 8*) = 149. 
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Since the products may be added on the machine as obtained, it 
is not necessary to calculate and record each separate value in the 
column S(aX''^). 

S(XF) may be calculated by multiplying each value of yX by the 
class value of Y and adding or by using the values of xY and multiplying 
these by the class value of X and their summation. By calculating 
S (X Y) in both ways, a check on the accuracy of the calculation is obtained. 


Table IV. — Cokrelation between Number op Seeds per Ear and Protein 
Content in Selped Ears op Fi Crosses, 13 — 40—227 X 13 — 30-211 


Number of seeds per ear classes 
25 75 125 175 225 275 325 375 
12345678 


fy 






s(xr) ■ 


vX/fv 


12.5 

13.0 

13.5 

14.0 

14.5 

15.0 

15.5 

16.0 

16 5 9 

17.0 10 

17.5 11 

18.0 12 


2 1 


fx 2 1 9 12 6 15 17 




St 


1 


1 


7 

49 

7 

7 

1 1 


2 


13 

85 

20 

0.5 

1 

1 

2 


14 

100 

42 

7 

1 


1 


7 

49 

2.8 

7 

1 1 

1 

3 


21 

149 

105 

7 

2 2 

1 

5 


34 

234 

204 

6 .S 

i 2 


7 


41 

247 

287 

5.8571 

3 7 

1 

16 


94 

500 

752 

6.875 

4 1 


15 


70 

350 

030 

4.6007 

1 


10 


34 

14G 

340 

3.4 



3 


12 

50 

132 

4 



1 


3 

9 

36 

3 

r'i7 

■■ 4 '"" 

66 


350 

2,058 • 

2,589 






:i(yX)/n 

^ " .\’'= 5.3030 



IS 

II 

1 

CO 

39.2273 

S(,.Y)Vn 

2 ;r.Yr)/w 

31.1818 

- 39.2273 

00 




its 

II 

II 


sfxn/n - xr 


1 ^ 

II 

1 01 

LA «o on 1 f 
cq «o 60, -S 

V S(,X)‘M - '(X) 

« V SUna/n - 

1 -n* 

»o I'** 

II 

e 

t Cl 1 

II II 

r.,u^ 

30.2273 

- 41.5400 



la 

.*4 

\/3 i. 1818 - 28.1218 \/66.4097 

- 61.3006 

1 ^ 

Q 

P 

P 


-2.3127 



1 Cl 


vi? 

b- 


1.7493 X 2.2003 




Tx 



-0.5.349 




P. K. 


^ 0.0546 


^ 9.0745_a - r2) ^ 

V rt 

Regression of X on K, to be discussed lator, X ** 0 

X =■ 6.3030 + (o.6R48 X X 7-83.33) - (o.6840 X r) r.. « -0.6M0 ± 0.0646 
X - 8.8481 - 0.4627r 


The value of a correlation coefficient is determined in relation to its 
probable error as for any other biometrical constant. 

Regression. — Every simple correlation surface has two regressions, 
i.e., the regressions of X on F and F on X. The regression of X on F 
is essentially the means of the as-arrays (horizontal) connected by a fitted 
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curve and similarly the regression of F on X is the means of the ?/-arrays 
(vertical) connected by a fitted curve If the fitted curve is sensibly a 
straight line, regression is hnear If regression is linear, the correlation 
coefficient r is usually used to express the degree of correlation and, if 
regression is curvilinear, the correlation ratio rj is used. 

Linearity of regression may be estimated by comparing the broken 
lines which connect the means of the x- or ^/-arrays with the plotted straight 
lines derived from the respective regression equations, but, in most cases, 
it IS safer to rely on more precise methods. The formula for the calcula- 
tion of the regression of X on F is as follows . 



1 2 3 4 .'> (> 7 8 



Fig. 13 .— Koisressiou of number oi seeds per oar on protein content. 


In substituting in this formula, it is necessary to use the sign of the 
correlation coefficient in the usual algebraic manner. For a correlation 
coefficient of —0.6, the quantity — becomes +0.5, 

An illustration of a graphical test for linearity of regression of X on F 
will be given. First, it is necessary to obtain the means of the various 
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a>an’ays (rows). For example, in Table IV, yX = Si,X/fy, i.e., the mean 
of each horizontal frequency distribution is calculated and entered in the 
last column at the right of the Table. These means are plotted (broken 
line) in Fig. 13. 

The next step is to calculate the regi-ession of X on F or, in other 
words, the regression of number of seeds per oar on protein content. 
By substituting the proper values in the formula given above, the equa- 
tion becomes X = 8.8491 — 0.4527 F. In this equation X is the 
dependent variable and F is the independent one or, in other words, the 
value of X is determined by the particular value which is assigned to F. 
To plot the straight line represented by the equation, it is necessary to 
determine two values of X only. Let the values of the end classes of F, 
or 1 and 12, be substituted in the equation. 

X = 8.8491 - 0.4527 X 1, or 8.3964. 

X = 8.8491 - 0.4527 X 12, or 3.4167. 

By connecting the two points (X = 8.8491, F = 1 and X = 3.4167, 
F = 12), the desired straight, -line regression of X on F, shown in Fig, 13, 
is obtained. 

In general, the regression appears appro.ximatoly linear when it is 
noted that there are small frequencies in the classes for low protein 
content. This gives a graphical test of linearity. 

The student may have observed from the illustration just given that 
the regression equation is ufseful for predicting values. For e.xample, in 
the problem at hand it is possible to estimate the number of seeds per 
ear from the protein content and, similarly, by means of the regression 
equation of F on X, it is possible to estimate the protein content from the 
number of seeds per ear. The greater the correlation between two sets 
of variables, the more accurately noay the value of one variable be 
predicted from a known value of the other. 

The Correlation Ratio. — ^T’ko second (and a truly mathematical) 
measure of linearity of regression is obtained by comparing the correlation 
coefficient with the correlation ratio. The correlation ratio is of value, 
also, where one of the variables is metisurcd in categories such as color of 
glume in small grains and the other in numerical values. Its calculation 
is given here. The formula for the correlation ratio is as follows: 

- X)*]/n 
<tX 

The calculations are as follows: Where »X = mean of values of X for 
each class of F; X = moan of X. The data for protein content and num- 
ber of seeds can be used in the illustration. 




48 


BREEDING CROP PLANTE 


fy 

yX 

vX-X 

ux-xy- 

iij(,x-xr 

1 

7 

1 6970 

2 8798 

2 8798 

2 

6 5 

1 1970 

1 4328 


2 

7 

1 6970 

2 8798 


1 

7 

1 6970 

2 8798 


3 

7 

1 6970 

2 8798 


6 

6 8 

1 4970 

2 2410 


7 

5 8571 

0 5541 

0 3070 


16 

5 875 

0 5720 

0 :^272 


15 

4 6667 

0 6363 

0 4049 


10 

3 4 

1 9030 

3 62U 


3 

4 

1 3030 

1 6978 


1 

3 

2 30:30 

5 3038 


66 




94 2981 


VsI/vG-V - A7 °i ^ = \/1.V2875'J00 = l.HISIS 


In the following comparison Blakeman^s tost for linearity is used. 
The formula is stated in terms of the probable error of the difference 
between and It is taken from PeaiTs Medical Biometry and Sta- 
tistics/^ and is as follows: 

P. E. 17 ^ - r* = 2 X X X V(1 - 17 ’=)* - (1 - 7*)* +T 

The calculation is given here: 

P. E. 17 * - r2 = 2 X 0.08302 X ■\/(0.6832)* - (O-SSTO^ X 

VT0')53^3'8T*~1o7657892)^ 

Solving, P. E. < 7 * — T"* = 0.0594 

The difference between 17 * and r* is 0.1247. The difference is 2.3 
times its probable error which is not very significant. It may bo con- 
cluded that the regi-ession is sensibly linear. 

In the illustration of the calculation of the correlation ratio, only 66 
individuals were studied. The statement is generally made that 17 
should not be used for small numbers as the outlying individual in the 
correlation surface has a great effect on the correlation ratio. For the 
experimental biologist, however, small numbers are frequently a necessity 
and the value of 17 is an aid in drawing the best possible conclusions. 

In a study of the coirelation between varietal yields in relation to 
some such factor as reaction to a particular disease organism, the data 
for each individual variety are based as a rule on the results of several 
replicated plots, and disease reaction is obtained under controlled epi- 
demic conditions. In a correlation in which only 66 entries appear in 
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the table, each entry is, in many cases, based on several observations 

under controlled conditions. _ 

The Coefficient of Contingency. — When both series of vanables are 
measured in categories, the coefficient of contingency may be used. Its 
calculation may be illustrated by a study of the degree of infection of 67 
barley varieties or strains by Helminthospoi'iiim sativum , the spot-blotch 
disease In this study the infection degree was studied when the barley 
was nearly mature. Separate notes were taken on the degree of infection 
of heads, culms, and roots. The terms “heavy,” “medium,” light, 
and “trace” were used and were modified by the addition of + or 
for very heavy and less heavy, respectively. In the table the classes 
h,h—, etc., are denoted hy A, B, C, etc. 

TABM V. COBRBLATION BETWEEN THE DE<iREE OE InEECTION OP 67 BaRCBY STRAINS 

on Varieties for 1921 and 1922 
Degree of infectioiii 1922 



The calculation of the expected number of individuals in each 1922 
class for a total of four, and for class A in 1921, is obtained by dividing 
4 by 67,. or 0.0597. This is given under the heading of “chances” at 
the right of the correlation surface. The calculated number for each 
oifl.gg in the table was obtained by multiplying the “chances” by the 
total number of individuals in the group concerned. Thus for a total 
number in IT of 6, the- calculated number for AH is 6 X 0.0597 or 0.3582 
and the calculated number for AI is 3 X 0.0597 = 0.1791, etc. 

Z* is obtained from the usual formula Z* = (0 - C^/C. 4>® “ 

~ and the coefficient of moan square contingency — C' - ■Jr - 1 

n ^ ^ 

For rough judgments the Probable Error of the mean square contin- 

1 — C® 

gency - P. E. C' » 2 X 0.6746 
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The calculation is illustrated in detail: 


0 

C 

0 - c 

(0 ~ CP/C 

AH 

1 

0 3582 

0 6118 

1 1499 

A1 

0 

0 1791 

0 1791 

0 1791 

AJ 

1 

0 6567 

0 3433 

0 1795 

AK 

1 

0 1701 

0 8209 

3 7626 

AL 

1 

0 4179 

0 5821 

0 8108 

AM 

0 

0 7164 

0 7164 

0 7104 

AO 

0 

0 3582 

0 3582 

0 3582 

AP 

0 

0 7164 

0 7161 

0 7164 

AR 

0 

0 4179 

0 4170 

0 4179 

BH 

2 

0 3582 

1 6418 

7 5251 

BI 

1 

0 1791 

0 8200 

3 7626 

BJ 

1 

0 6567 

0 3433 

0 1795 

BK 

0 

0 1791 

0 1791 

0 1791 

BL 

0 

0 4179 

0 4179 

0 4179 

BM 

0 

0 7164 

0 7164 

0 7161 

BO 

0 

0 3582 

0 3582 

0 3582 

BP 

0 

0 7164 

0 7164 

0 7164 

BR 

0 

0 4179 

0 4179 

0 4179 

CJl 

2 

1 1640 

0 8300 

0 6004 

Cl 

1 

0 5820 

0 4180 

0 3002 

CJ 

5 

2 1340 

2 8600 

3 8491 

CK 

1 

0 5820 

0 4180 

0 3002 

CL 

0 

1 3580 

1 3580 

1 3580 

CM 

3 

2 3280 

0 6720 

0 1940 

CO 

1 

1 1640 

0 1640 

0 0231 

CP 

0 

2 3280 

2 3280 

2 3280 

CR 

0 

1 3580 

1 3580 

1 3580 

mi 

1 

1 2540 

0 2540 

0 0514 

JJI 

1 

0 0270 

0 3730 

0 2219 

BJ 

3 

2 2900 

0 7010 

0 2137 

DK 

1 

0 6270 

0 3730 

0.2219 

DL 

1 

1 4630 

0 1630 

0 1465 

DM 

2 

2 5080 

0 5080 

0 1029 

DO 

0 

1 2540 

1 2540 

1.2540 

DP 

5 

2 5080 

2 4920 

2 4761 

DR 

0 

1 4630 

1 4630 

3 4030 

EH 

0 

1 7016 

1 7016 

1 7016 

El 

0 

0 8508 

0.8508 

0 8508 

EJ 

1 

3 1196 

2 1196 

1 4402 

EK 

0 

0 8508 

0 8508 

0 8508 

EL 

2 

1 9852 

0 0148 

0 0001 

EM 

3 

3 4032 

0 4032 

0 0478 

EO 

2 ! 

1 7016 

0 2984 

0.0523 

EP 

5 

3 4032 

1 5968 

0 7492 

ER 

6 

1 9852 

4 0148 

8 1104 

FIJ 

0 

0 8058 

0 8058 

0 8058 

FI 

0 

0 4029 

0 4029 

0 4020 

FJ 

0 

1 4773 

1 4773 1 

1 4773 

FK 

0 

0 4029 

0 4029 

0 4029 

FL 

2 

0 9401 

1.0599 

1 1950 

FM 

2 

1 6116 

0 3884 

0 0936 

FO 

3 

0 8058 

2 1942 

5 9748 

FP 

1 

1 0116 

0 6116 

0 2321 

FR 

1 

, 0 9401 

0 0599 

0 0038 

OH 

0 

0 3582 

0 3582 

0 3582 

01 

0 

0 1791 

0 1791 

0 1791 

OJ 

0 

0,6567 

0 6567 

0.6567 

OK 

0 

0 1701 

0 1791 

0 1791 

OL 

1 

0 4179 

0 5821 

0.8108 

OM 

2 

0 7164 

1 2836 

2 2999 

00 

0 

0 3582 

0 3582 

0.3582 

OP 

1 

0 7164 

0 2836 

0 1123 

OR 

0 

0 4170 

0 4170 

0 4179 



• • 


08 7089 


X* - 0)8/0 ^ 68 7989 ^ 

n " * 67 


Coefficient of contingency **» ” ^1^68 “ 0 7118 

P. E 0' « 2 X .08240 X .493341 .08X3. 
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The Method of Studying “Goodness of Fit.” — Because the coeffi- 
cient of contingency is similar in calculation to the X^, its inclusion at 
this point appears desirable. It is particularly applicable to Mendelian 
segregation when more than two phenotypic classes are considered. 
The application of this method to Mendelian results was suggested by 
Harris (1912). The method is illustrated: 


Phenotype 

()hserv('(l 

() 

C’aleiilated 

0 - V 

(0 - cy 

(0 - C)2 
c 

Purple, starcliy 

1,801 

1,822.0 

1 

38.5 

1 

1,482.25 

0.81 

Purple, sweet 

OM 

007.0 

0.5 

42.25 

0.07 

White, star(^hy 

048 

()()7 . 0 

.00.5 

:^,540 25 


Wliitc, sweet 

2L7 

202.0 

14.5 

210.25 

1.04 


For four classes and A"‘- = 7.75 the value of P may be looked up in the 
table (see Pearson’s tables, 1914). On this basis probability, or P. = 
0.0525. This may bo intorproted that a worse n^sult might be expected 
on the basis of random sampling 525 times in 10,000 trials, or 1 in 19.0 
trials. 

In one comparison made by G. Udiiy Yule (1923) a probability of 0.86 
was obtained. This was iiitorpretod in his words, ^'so that wc might 
expect a worse agreement 8 or 9 times in ten trials. 

Partial Correlations. — Whexi more than two series of variables have 
been considered and all possible relationships have boon determined, it is 
frequently desirable to hold constant all factors considered except the 
two. The true importance of each variable can bo determined by this 
method. In case any one variable does not appear to be related to any 
of the others by means of simple product-moment coefficicxits of correla- 
tion, this variable should be discarded from the study. In most cases, 
it will be necessary to calculate first the simple product-moment 
coefficients. 

Studies of loaf volume in wheat in relation to three other variables 
protein content, a factor representing quality of gluten, and diastatic 
activity— may be used in illustration. The original data are presented 
in the following table: 
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Table VI. — 1924 Milling Results 


Mixture of Seed from Univorsit^^ Farm, Crookston, Moms, and Waseca m Proportion 
of 2*2.2: 1 lb , respectively! 


1 

Chem- 

istry 

number 

Variety 

Loaf 

volume 

Protwn 

HaO 

Quality 

of 

gluten 

Dia- 

statio 

activity 

8,736 

Maiquis 

1,980 

14 9 

2 4 

65 

8,736 

Marquis X Kota, II- 19-9 

2,030 

14 3 

2 ,5 

144 

8,737 

Kota Natural Cross, 11-18-33 

2,235 

17 1 

2 0 

105 

8,738 

Kota Natural Cross, 11-18-21. 

2,245 

15 4 

1 9 

98 

8,739 

Kota Natural Cross, IT-10-2 

2,285 

15 3 

2 2 

100 

8,740 

Marquis X Kota, N. D. 1650 

2,225 

14 7 

2 5 

97 

8,741 

Marquis X Kota, N. D. 1658 

2,030 

14 3 

2 2 

90 

8,742 

Kota 

2,070 

11 7 

2 7 

90 

8,743 

Maiquis 

2,010 

14 1 

2 (5 

52 

8,744 

Marquis X Kanrod, 11-17-4 

2,000 

13 9 

2 0 

so 

8,745 

Marquis X Kanrod, 11-17-14 

1,990 

13 4 

2 1 

69 

8,746 

Marquis X Kained, 11-17-16. 

2,010 

14 1 

2 5 

61 

8,747 

Marquis X Kanr(‘d, 11-17-22 

2,060 

14 1 

2 4 

7L 

8,748 

Marquis X Kanrod, 11-17-37 

2,000 

14 1 

2.0 

88 

8,749 

Marquis X Kanrod, 11-17-40 . 

1,930 

14 9 

2 3 

J02 

8,750 

Marquis X Kanrod, 11-18-44 

1,970 

13 7 

2 4 

119 

8,751 

Marquis X Kanrod, II- 18-8 

1,080 

13 7 

2 3 

94 

8,753 

Marquis X Kanrod, B2-5 

2,010 

13 6 

. 2 6 

40 

8,754 

Marquis X Kanrod, B8-11 

2,020 

13 4 

2 6 

92 

8,755 

Marquis .... 

2,010 

13 9 

2 4 

1 

64 


! The data used wore furnished by the Department of Agricultural Biochemistry, 
hiinnesota Agricultural Experiment Station, the work being carried out under the 
direction of Dr, C. H. Bailey. 


Spring wheat?;, grown in 1924, wore used in the study. Each strain 
used in the test belonged to the bread-wheat species, Triticum vulgare. 
In this problem loaf volume == 1, protein content = 2, quality of gluten 
= 3, and diastatic activity ~ 4. Calculated-product, moment coeffi- 
cients are: 

12 3 

2 0.6910 ± 0.07S8 

3 -0.3695 ± 0 1302 -0 4134 ± 0.1251 

4 0.2467 ± 0.1416 0.3081 ± 0.1365 -0.2386 ± 0.1422 

At present the normal equation method of obtaining partial correla- 
tions is favored. The calculations may proceed from the regression 
values, the formulae for partial correlations being as follows where 1, 2, 
3, and 4 represent the various series of variables in the study; 

ri2.84 ^ \/^12.84021.84 
ria.24 — 24/531 24 
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By the method of normal equations the regression values are calculated 
directly. 

The first normal equation may be written as follows : J'u + ri 2 + ris + 
ru = sum. This may be read, the coiTclation of 1 or loaf volume with itself 
and with each of the other variables. For this equation the calculated 
regression coefficients would bo ^ 42 . 1 . 1 , and ^ 42 . 21 . It will be 

noted that the regressions for any series of variables can be obtained 
directly without obtaining an intermediate series. Thus 1843.12 is cal- 
culated directly without calculating first 1843 . 1 , etc. 

The rule for setting up the first normal equation is that the last term 
of the normal equation is the first term of the regression coefficient and 
the second term is the term in the same vertical column. 

Calculation of reductions to obtain la, lla. Ilia, etc. (see problem, 
below). 

Directions. Stop 1. — Bring down actual product-moment coefficients 
for 1 with other groups = 1. (It will be noted that the correlation of 
1 with 1 = 1 , or 2 with 2 = 1, etc.) Change signs and enter in a new 
row = la. 

Step 2 . — Bring down next series of correlation coefficients for 2 with 
other groups. In obtaining sum of this column, add other correlations 
in the same vertical colunm. For example, 0.G910 + 1 — 0.4143 + 
0.3081 = 1.5857. Multiply I by second term of la and bring down. 
Note that no multiplications are considered for the vertical column at 
left. Add = II. Divide by first term of II and change signs = Ila. 

Step 3. — Proceed as for stop 2. Bring down next series of correlation 
coefficients for 3 with other groups. Note that other correlations in the 
same vertical column are used in obtaining the sum. Thus, —0.3695 — 
0.4134 + 1 — 0.2386 = — 0.0215. Multiply 1 by third term of la and 
bring down. Multiply II by .second term of Ila and bring down . Sum = 
III. Divide by first term of III and change signs = Ilia. 



1 

2 

3 

4 

Sum 

I . 

1 

0.6910 

-0.3695 

0.2467 

« 1..5682 

la 


0.6010 

+0.3605 

-0.2467 

= -l.,5682 



1 

-0.4134 

0.3081 

« 1.5857 



-0.4775 

+0.2553 

-0.1705 

« -1.0B3f5 

II 


, 0.5225 

, -0.1581 

+0.1376 

« 0.5021 

Ila 


-1 

+0.3026 

-0.2634 

« -0.9610 




1 

-0.2386 

« -0.0215 




-0.1365 

+0.0912 

« +0.5794 




-0.0478 

+0.0416 

« +0.1519 

III 



0.8167 

-0.1058 

« +0.7008 

Ilia 



-1 

+0.1297 

« -0.8702 




-0.1297 






-0.0392 

0.2034 



,0.0439 

-0.1549 

-0.0479 

0.2467 
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Calculation of Regres8ions,~~'i, Bring down last figure in Ilia at left 
of = sign. Transfer 1 place to left and change signs = first regression 
13 12 ^ — 0.1297. 

2. Bring down and change signs in Ila and la rows at left of == sign. 
Multiply first regression by values of Ila and la in same vertical column 
and bring down, —0 1297 X 0.302G = —0.0392 and —0 1297 X 0 3095 
= —0.0479. Add horizontal upper line of this step: 0.2034 — 0 0392 = 
0.2242, which is the regression of i.i* 

3. Multiply second regression by value of la in same vertical column, 
0.2242 X —0.6910 = —0.1549. Add horizontal line of this step. 0.2467 
—0 0479 — 0,1549 = 0.0439, which is the regression 23 

Regression of other variables can bo calculated in a similar manner. 
For example, to obtain regression of 14.23, it will be necessary to start 
with a normal equation m which loaf volume 1 is at tlie left of the equals 
sign, or r22 + ^23 + + r2i — sum. The calculatiid rogrcissions fin 23 

and i3]4 23 are, respectively, 0.0439 and 0.0251 Substituting in the 
formula 

^41 2.J — 

rn 23 = X 0 0254 == 0.0334 


The calculated simple and partial correlation coefficients arc: 


ri2 = 0 0910 ± 0 0788 

ru - -0 3695 ± 0 1302 
ri4 « 0 2467 ± 0 1416 

raa -~0 4134 ± 0 1251 
r24 « 0 3081 ± 0 1365 

r,4 = -0 2386 ± 0 1422 


ria.M - 0 6216 .h 0 0925 

= -0 1222 -t () I486 
n4 2.i = 0 0334 i 0.1507 

ru-u •== -0 2101 1' 0 1142 
r24.i4 ^ 0 1647 t 0.1467 

ru 12 = -0.1233 j: 0.U85 


Multiple Correlations. — The multiple correlation coefficient expresses 
the degree to which the dependent variable is depeiidont upon the othei* 
factors considered. If the coefficient of multiple correlation is low, it is 
apparent that some important factor or factors have not been taken into 
account. In general, the multiple correlation coefficient should be 0.9 
or above if all essential factors have been considered. 

If the partial correlations have been computed by the normal equa- 
tion method, the multiple correlation coefficient may bo calculated from 
the simple product moment correlation coefficients and from the partial 
regression values by the following:^ 

R\,2U • • • « — (/ 3 i 2 34 * • * + (^ 13,24 • • * nTn) + 

(/3i4,23 ' ‘ • nTn) + (01n 234 * * * 

By substituting in this formula the respective values of the partial 
regression values and of the simple product-moment correlation coefficients 
and making the necessary calculations, it is possible to determine the 

1 Wallace and Snedeoor, ^‘Correlation and Machine Calculation,*^ Iowa Off, 
Fnb^ voL 23, No. 35, p. 34, 
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extent to which the dependent variable, loaf volume in the wheat study, 
is a result of the independent variables considered. 

Performing the necessary calculations the value of Ri.^i was found to 
be 0.6975. A study of the meaning of this value indicates to what extent 
the factoi-s governing loaf volume have been considered. 

An Interpretation of the Meaning of the Correlation Coefficient. — The 
meaning of correlation coefficients of different magnitude is of primary 
interest. If the coefficient of correlation Ls 0.5, it is true that it is half 
as great as the largest possible coefficient or 1. A relation of + 1, however, 
means that the cntii-e variability of the dependent variable is a result 
of the variability of the independent variable or that the variability of 
both dependent and independent variables is a result of the same funda- 
mental cause or causes. The extent to which total variability is a func- 
tion of the factoi-s considered in computing any particular correlation 
coefficient can be determined by the appropriate formula. The following 
computation was taken from Richey’s (1924) publication; 


Table VII. Exi-EOTxai) Hbduotion in Vakiaiulitv i’ok Vakious Cobublation 

(JoEPEIOlENTS (Iticliey) 


r = 

ReducUoii in vtiriability 

= 100 X 1 - Vl - 

pnr coni 

r sr: 

in variability 
- 100 X 1 - Vl- 
p(ir wni 

0.4 

08.4 

0.8 

40.0 

• 

• 0.5 

13.4 

0.866 

50.0 

0.6 

20.0 

0.9 

56.4 

0.707 

29.3 

1 .0 

100.0 


With a multiple correlation coefficient or bi g of 0.6975, substitu- 
tion can be made in the formula 100(1 - Vl - r®) which gives a per- 
centage value of 28.2. Twenty-eight and two-tenths per cent expresses 
the reduction in variability as expressed by the probable error of the 
predicted loaf volumes as compared with the variability of the actual loaf 
volumes taken about their mean. 

If it is desired to determine the proportion of variability in the depen- 
dent variable which may be attributed to its relation with the independent 
variables, B\ expressed as a percentage figure, should bo used. B* 
measures the proportion of total squared variability in the dependent 
variable which may be explained in terms of its mathematical relations 
to the independent variables, leaving the amount expressed by 1 — yet 
to be accounted for. 
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FIELD-PLOT TECHNIC 

The field is the plant breeder’s laboratory and the question of correct 
field technique is of the utmost importance. 

In carrying out crop-breeding studies, the number of varieties and* 
strains has been greatly multiplied. Vilmorin’s isolation principle, 
whereby the value of any selection is determined by the breeding nature 
of the progeny, has been universally adopted. 

The difficulties of making all conditions of similar nature for a large 
number of strains or varieties which must be tested are very numerous. 
The method used must be such that the performance will bo a correct 
indication of the comparative value of the strains when grown under farm- 
ing conditions. The purpose of the present chapter is to discuss field- 
plot technic for such disturbing factors as soil heterogeneity and climatic 
conditions. 


SOIL HETEROGENEITY 

The field ’selected for the comparative trials should bo representative 
of the soil and climatic conditions under which the crop will be grown. 
The land must then bo cropped in such a manner that it is kept in a 
uniform state of good productivity. In order to do this, it is necessary 
to observe some one of the standard rotations. It is a good practice to 
have one or more bulk crops rotated with the breeding plots in order to 
keep the land uniform. If only one area of land is available, there is 
then no choice and the investigator must see that this field is treated 
in the best possible way. If more than one field is available, it is possible 
to determine which is more nearly uniform by a correlation of contigu- 
ously grouped plots, as outlined by Harris (1915). 

The UniversaUfy of Soil Heterogeneity. — Before presenting this and 
other methods of determining the relative variability in productivity of 
different fields or different areas of the same field, it may be desirable to 
gain some idea of the prevalence of soil heterogeneity. The use of the 
correlation coefficient was suggested as a means of learning the extent of 
soil variability. This coeflficiont measures the degree to which near-by' 
plots are similar in productivity and allows a comparison of heterogeneity 
in different fields and in widely separated localities. Correlation coeffi- 
cients may range from 0.0 to 1 and may be either positive or negative. 

66 
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In nearly all studies of heterogeneity, adjacent plots have proved to be 
somewhat similar in productivity and, as a result of the studies, the uni- 
versality of soil heterogeneity has been established. Many of these 
studies have been conducted by Harris (1920), the fields used being repre- 
sentative of the land available for experimental work. As will be illus- 
trated in the problem, the field studied has commonly been grown to one 
crop and at harvest time yields have been determined from small plots 
harvested separately. The extent to which contiguous plots resemble 
each other in yield is determined by the correlation coefficient; the larger 
the coefficient, the greater the degree of soil heterogeneity. 

In the following summaiy the size of plots harvested, the characters 
studied, the investigator who furnished the original data, and the corre- 
lation coefficients are listed: 


Table VIIT. — Corkelation Coefficients Presented by ITaruts Which JilxpitEss 
THE Extent op Soil Heterooeneity jn J)ipperent liOCALiTiEs and with 

Different Crops 


Crop 

Character 

Size of plot 

lnv<*sUgator 

Correlation 

eo(^fficieut 

Wlioat 

Yield, grain 

,*5., 5 by 5.5 feet 

Montgomery, Nebr. 

0.003 ± 0,029 

Wheat 

Nitrogen content 

5.5 by 5.5 feet 

Montgomery, Nebr. 

0.115 ± 0.044 

Oats 

Yield, grain 


Kiessolbach, Nebr. 

0.405 ±0.035 

Mangels 

Yield, roots 

V 20 O 

Mercer and Hall, England 

0.340 ±0.042 

Mangels 

Yield, hitives 

3 '2 00 

(Hothamsted) 

Mercer and Hull, England 

0,460 ± 0.03,7 

Potatoes 

Yield 

li(ws, 72 feet, 7 

(Hothamsted) 

I,.you 

0.311 ± 0.043 

Corn 

Yi(‘ld, grain 

inches long 

Ho 

vSinith, Til. (1805) 

O.SiJO ± 0.019 

Alfalfa 

Yield, hay 

1013, first (mtting 

0,085 acre 

Scofield, Huntley Experi- 

0.407 ±0.059 


1913, second cutting 
1014, first witting 

1914, second <!Uttiug 

0 . 085 acre 

0 . 085 a<'.rft 

0.085 acre 

ment Farm, Mont. 

0.343 ±0,062 
0.002 ± 0.045 
0.057 ±0.040 


The data presented in Table VIII are only a small part of thovso avail- 
able and are furnished for the purpose of emphasizing the usual extent of 
soil heterogeneity in plot studies. 

The physical and chemical bases of the heterogeneity of soil have been 
studied to some extent. The investigations have been conducted in a 
similar manner as those previously mentioned. Actual measurement of 
the factors concerned must be made over the field and the heterogeneity 
coefficient applied. Moisture content per foot has been investigated at 
the San Antonio Experimental Farm. The coefficients computed deter- 
mine the correlations between the percentages of water content of asso- 
ciated plots (see Table IX). 
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Table IX — Correlation Coeffk’ients for Water Content of the Soil op 

AssuriATEi) Plots 


Depth 

CbrreUition 

First foot 

0 817 + 0 065 

Second foot 

0 529 .fc 0 052 

Third foot ... 

0 542 ± 0 051 

Fourth foot 

0 704 ± 0 036 

Fifth foot . . . 

0 ()07 ± 0 045 

vSixth foot , ... 

0 4Si -f 0 055 


It will be noted that there is marked and statistically significant 
heterogeneity in soil moisture content at six different levels in the upper 
6 feet of soil. 

Likewise, coefficients of hetei’ogeneity for carbon and nitrogen con- 
tent were studied in a silty clay loam at Uavis and a blow sand at Oakley, 
Calif. Eighty samples, distributed at 3()-fo()t intervals, were used. The 
results for the silty clay loam at Davis were: 

For carbon, r =■ 0.417 ± 0.0()3 
For nitrogen, r = 0.498 ± 0.057 

For the blow sand at Oakley: 

For carbon, r = 0.3J7 ± 0.008 
For nitrogen, r — 0.230 ± 0.072 

These and other studies have proved the practical universality of 
soil heterogeneity. One of the concluding statements made by Harris 
sums up the present status: 

The demonstration that the fields upon which plot tests have boon carried out 
in the past are practically without exception so heterogeneous as to influence pro- 
foundly the yields of the plots emphasizes the necessity for greater care in 
agronomic technic and more extensive use of the statistical method in the analysis 
of the data of plot trials if they are to be of value in the solution of agricultural 
problems. 

Before presenting some of the methods now available for partially 
overcoming the harmful effects of soil heterogeneity, the biometrical 
methods which have been used to express the extent of soil heterogeneity 
will be outlined. 

Harris’ Method of Estimating Soil Heterogeneity. — By Harris’ 
method, the coefficient of correlation is used as an index of soil uniformity. 
This statistical constant measures the degree of correlation between 
contiguous plots grouped in a certain way. If the variation in yield from 
plot to plot is simply due to random sampling, there wiU be no corre- 
spondence between contiguously grouped units. On the other hand, if 
the field is “patchy,” certain contiguous units tend to yield high while 
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others show a tendency in the opposite direction. Under those conditions 
a high correlation coefficient results. If variability due to random sam- 
pling only is entering, the correspondence between some contiguous plots 
will be counterbalanced by the lack 6f correspondence between others, 
providing that the number of ultimate units is sufficiently large to permit 
an expression of the law of average. It is obvious that in the application 
of Harris^ method the field must receive the same treatment (seed, culti- 
vation, fertilizer, etc.). The division of the field into the desired units 
may be made at any time before the crop is harvested, but preferably 
before or soon after planting in order to minimize possible injury to the 
growing crop. 

A simple illustration will make the calculation of the correlation coeffi- 
cient clear, although a much larger number of units should l)o used in an 
actual study of the reliability of a field for plot work. Suppose a certain 
field is divided into 16 units and these units are in turn airanged in 4 
groups. Let 7 >i, 2 > 2 , etc. represent the ultimate units and Cy,j, 0^,2, 
etc., represent the groups. By assigning values for yiedd in bushels per 
acre to the ultimate units, one may make the calcuhition necessary to 
apply the formula. The value of any particular group is the sum of 
the ultimate units in it. 


Diaokam Illustbatikg HAKiiis' Method 
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~ Average yield of nil ultimate units = 4 

n — Number of units in group « 4 

m = Numb(tr of groups = 4 

yum of Hciuar(*s of the yields assigned 
for ultimate units ~ 280 


/S'(CV“) = Hum of scpiares of Pm group yields “ 1 ,.080 
<rp = Btandard dfiviat.ion of assigtm<l yitild 

for the ultinuipj units - = 1.2247 


<r,>2 = (1.2247)2 - 1.4009 


The num]>ors enclosed in parenth<‘.s<?H niproKeni ussumed valu(‘s (busheds per aenj). 
Now according to the formula 




i[A*(g/ ) -8m]Mn(n - 1)]} - 

ff.s * ■ 


Where fpi,, is the constant sought, S is indicative of summation, Cp the 
calculated values for the groups, pi, pa, etc. the assigned values for the 
ultimate units, m the number of groups, n the number of units in each 
group, p the average value of all the ultimate units and crp their standard 
deviation; by substituting the given values, the coefficient of correlation 
may be derived. . 
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{[1,080 - 280] 4[4(4 - l)]j - 4^ 

rpiPi - ^ 2247 ^ 

16 6667 - 16 0 6667 

— iw" i aw ± 


The magnitude of the coefficient obtained may bo influenced by the 
size of the ultimate and group units, the nature of the character measured, 
and the variety or strain grown. 

In the illustrative diagram the plots are arranged in fours in what 
Harris refers to as a 2-by-2 fold manner. In making a computation of 
this nature, the data are arranged first in a table consisting of horizontal 
and vertical rows. The horizontal rows are referred to first. A grouping, 
therefore, of two horizontal and one vertical row would be a 2-by-l fold. 

In a study conducted in West Virginia, yields of oat hay and of 
wheat grain obtained from 270 plots were used. The area of each plot 
was 68 by 21 feet and in the case of wheat the plot yields wore based upon 
five rod-row samples. Several methods of computation wore used. 
In addition to the method outlined by Harris, in which computations 
were based upon a 2-by-2 fold and a 2-by-3 fold grouping, correlations were 
determined for adjacent plots in the ordinary manner. In one case the 
yields of plot 1 were correlated with 2, 2 with 3, 3 with 4, etc., where the 
pairs were adjaeont. In the second method each plot was used only 
once as 1 with 2, 3 with 4, etc. The results were presented as “all con- 
tiguous plots” and “paired contiguous plots,” respectively. The corre- 
lations for oat hay and for wheat grain are given in the following tables: 
Table X. — Cokkelations for Koil Hktbuoobneity Based xji'ON tub \'iklds op 

Oat IIav 


Method of ealculatioii 

// 

! 

r 

Harms, 2-by-2 fold . . 

2()() 

4-0 ()31 ± 0 025 

Hams, 2-by-3 fold 

258 

0.542 ± 0 030 

Ordinary ^^all contiji^uous plots” 

250 

0.668 ± 0.024 

Ordinary ^‘all paired plots'^ 

130 

0.694 ± 0 a31 


Table XL — Oobbelations fob Soil Heteboobiuhtv Basko upom the" Yields 


OF Wheat Grain 


Method of calculation 

n 

r 

Harris, 2-by-2 fold 

260 

0 565 ±0.028 

Harris, 2-by-^ fold 

258 

0 616 ±0.031 

Ordinary all con tiguous plots ” . 


0.553 ± 0.030 

Ordinary all paired plots ” 

130 I 

0.617 ± 0 037 


±0.6745(1 - r^) 

-V^ 


1 P. E. ooefficiont of correlation 


±0.6746(1 -0.444*) 


±0.136. 




FIELD-PLOT TECHNIC 


61 


It is apparent that in these cases there is little difference in the size of 
the correlation coefficients whether Harris^ method or either of the 
others are used. 

The methods outlined ai-e useful where it is desirable to determine 
the relative heterogeneity of several fields. In applying the tests as 
outlined, it is necessary to crop the field to a single variety. - 

Estimating Soil Heterogeneity while Conducting Strain Trials. — 
In case it is desired to compare the heterogeneity of two or more fields 
and, at the same time, conduct strain yield trials, it is necessary to sow 
the fields to be compared with the same sort of crop. For example, if 
a comparison of oat yields is to be made, it is desirable to include check 
plots of the same standard sort in both fields at tlie same distances apart 
and at regular intervals. The relative heterogeneity of the two fields 
may be dotormined by the use of yields ol)tained from the check plots 
and by computations of the coefficients of variability. The field in which 
the coefficient of variability proves to be the largest is considered the least 
desirable. 

By a slight modification of the plan it is possible to compare the 
heterogeneity of two fields by moans of correlation coefficients providing 
each field is planted in the same order and to the same strains. Four 
systematically distributed plots are used, as a rule, in the rod-row trials 
conducted at University Farm. The strains are repeated in the same 
order in each replication. To obtain the heterogeneity coefficient the 
average yield of each strain in the trial was considered as 100. The 
yielding ability of each plot was obtained by dividing its actual yield by 
the average yield of all four replicates and expressing the result in per- 
centage. By the ordinary method, the correlations in yielding ability of 
adjacent plots or of plots at any distance apart were determined. Harris^ 
method could likewise have been used. 

The order of planting, the original yields and the calculated percentage 
yields of spring wheat for rod-row trials conducted at University Farm in 
1925 are presented in the following table: 
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Table XII.— Vxelbs of Rod-row Trivlb of Spring Wheat in 1925 \nd Peu- 
(‘ENTAGE Yields on the Basis of 100 Per (^ent as the Averacjb \ieli) of 

Each Variety ^ 


, , ,, u 1 1 Ilfplif.itioTih, yields in 

lloplieations, yiGlass in bushels p(‘re(‘ntajj:e 


First Tliiid Fourth Fiisl Thud Fouith 


Mai q ms 

Murcjuis X Kunred 
Marquis X Kaniod 
M.irquis X Kanrc‘d 
Maiquis X Kained 
MtiKiuis X Kiuiied 
Marquis 

Maiquis X Kanu'd 
Maiquis X KaiiH'd 
Maiquis X Kaiired 
Marquis X Kaiiied 
Maniuis X Kaiwed 
MrlUlUlS 

Mur<iuis X Kariied 
Maiquis X Kanied 
Mantuis X Kaxirc'd 
Mur<iuis X Kanred 
Maiquis X Kanr<‘(l 
Mauiuis 

Manilas X Kanied 
MaKiuis X Kaiired 
J\Iar<iuis X Kanred 
Mar(iuis X Kaiired 
Maiquis X Kauied 
Maiquis 

Maiquis X Kanred 
Maniuis X Kanred 
Marquis X Kamed 
Muniuis X Kanred 
Marquis X Kniirod 
Marquis 

Mairiuis X Kanred 
Marquis X Kanred, 
Kota Natural Oiuhm 
K ota Natural Cioss 
Kota Natural Cross 
Marquis .... 
Kota Natural OrosK 
Kota Natural Cross 
Kota Natural Cross 
Kota Natural Cioss 
Kota Natural Croh,s 
Martiuis . . 

Kota Natural Cross 
Kota Natural Crons 
Kota Natmal Cross 
Kota 'X Kuby . 
Kota X Ruby . . . 
Marquis . . 

Kota X Ruby.. 
Kota X Ruby 
Kota X Ruby ... . 
Kota X Ruby. , 
Kota X Ruby 

MarquiR 

Kota X Ruby . 
Kota X Ruby , 
Kota X Ruby 
Kota X Ruby . . . 
Kota X Ruby.. 


Check 
B2-,') 
BS-11 
BG-ll 
BO-1 1 
11-17-2 
Cheik 
I r- 17-3 
11-17- 1 
ir-17-I i 
11-17-111 
TI-17-22 

ClUM k 

11-17-2.3 
Tl-17-2.‘> 
TT-1 7-28 
11-17-31) 
TT-1 7-37 
rh(‘ek 
TM7-10 
TT-1 7- 13 
TI-l7-tr» 
TT-IH-S 
IT-18-1.> 
Clu^ek 
TT-TS-H 
IT-lS-4(') 
rT-lS-47 
II-tS -48 
11-18-40 
Cheek 
T [-18-30 
IT- 18-51 
ir-10-2 
TT-IS-IO 
, 11-18-17 
, Check 
IT-18-10 
TT- 18-20 
TT-18-21 
Tr-18-2R 
IT-18-3J 
Cheek 
TI-18-33 
. II-lS-37 
TT-1 8-50 
. TI- 10-23 
TI- 10-20 
Check 
II-1<M2 
11-10-43 
TMO-44 
11-10-48 
11-10-40 
. Che<R 
11-19-54 
n-19-55 
TT-10-34 
. TI-19-30 
IJ-10-40 


4h 

1 

41 

0« 

37 

()'- 

31 

3 

30 

5 

20 

1 

3i 

8 

32 

1 

30 

1 

38 

i 

30 

2 

35 

2 

40 

3 

20 

0 

40 

0 

31 

7 

37 

0 

33 

8 

37 

8 

37 

0 

38 

0 

40, 

7^ 

44 

8' 

37, 

,1 

31 

0 

.30 

5 

33 

0 

20 

3 

30 

2 

30 

0 

40 

5 

37 

5 

30 

4 

30 

8 

20 

0 

44 

2 

25 

8 

35 

.0 

42 

2 

35 

.0 

33 

<4 

30 

1<*I 

34 

,4« 

30 

.5 


30 0 '’..l 2 

3(» 0 3.J 3 

12 1 38 1 

37 8 30 t 

3S 0 3(. i 

32 3 31 (> 

.37 0 3(. 0 

37 7' 31 1 

13 4 » 35 0 

17 8 38 1 

47 7 38 5 

37 1 31 0 

11 1 10 1 

42 0 .30 0 

13 0 .37 I) 

11 3 41 2 

11 5 35 0 

47 0 30 0 

10 4 30 0 

15 () 10 3 

11 8 30 7 

31 1 35 2 

30 0 37 3 

33 4 30 3 

20 0 33 2 

38 0 37 8 

33 0 35 8 

31 8v 33 8 

40 0» 38 5 

35 0 32.0 

30 0 32 4 

30 8 37 0 

28 1 31 0 

,33.3 37 0 

32 4 35 8 

28 3 31.7 

32 5 34.5 
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Table XII. — {Continued) 


lioplirutions, yiflfis in bushels 


Replications, yields in 
p(*rcentai?e 


Variety 


Marquis ^ 

Marquis X Kota 

Marquis X Kota 

Marquis X Kota ... . 
Marquis X Kota .... 
Marquis X Kota. , . . 

Marquis 

Marquis X Kota 

Marquis X Kota 

Marquis X Kota 

Marquis X Tuinillo. . . 
Marquis X luniillo. . . 

Marquis 

Marquis X Tuinillo. . . 
Marquis X Preston . . . 
Marquis X Preston . , 
Marquis X Pnjston . . . 
Marquis X Preston . . . 

Marquis 

Marquis X Bluestern.. 
Marquis X Bluestenu. 

Marquis X Kota 

Cer<‘s 

Kota (Amy’s) 

Marquis 

Minduin 

Pentad 

Parker’s Marquis 

Die.klow X Sevier. . . . 

Dioklow X Sevier 

Marquis 


N. S. N. 



Firht 

ond 

Third 

Fourth 

Aver- 

age 

First 

Sec- 

ond 

Third 

Fourth 

Clicck 

35.0 

31 . 1 

30 1 

35 . 1 

35.3 

101 

88 

110 

09 

TI-l<)-0 

41.1 

35.0 

33 4 

37 7 

30.8 

112 

05 

01 

102 

TMO-11 

34 1 

35.8 

30.4 

30.0 

.35.8 

05 

100 

102 

103 

11-10-45 

25 3 

27.7 

40.0 

32.7 

31.7 

80 

87 

120 

103 

TT-10-1«) 

42 4 

37.3 

44.0 

30 2 

41.0 

10.3 

01 

110 

90 

11-10-17 

.30.2 

32 . 3« 

37 0 

38.4 

30.0 

101 

OOw 

103 

107 

Ch(‘cU 

32.7 

33. 0» 

43 0 

30 8 

3(). 5 

02 

03» 

123 

104 

IT-10-51 

30.3 

,37.0 

35.2 

37. S 

37.0 

105 

101 

04 

101 

TT-10-,53 

37.7 

3(i. 1 

32.5 

30.4 

30,. 4 

104 

00 

80 

108 

TT-lO-57 

37.0 

30.3 

44 8“ 

,30.0 

30.5 

0 4 

00 

113« 

93 

IT-1 5-43 

20 0 

27 1 

44.0« 

34 . 1 

34.0 

88 

SO 

132W 

100 

11-15-44 

,37.1/ 

27.7 

42.0 

35.0 

35 . 0 

104/ 

78 

118 

100 

Check 

40.8/ 

,32.1 

41.1 

.37 2 

39.3 

132/ 

00 

IKi 

105 

ir-t.5-5l 

35 0 

31.7 

32.0 

27 0 

32.1 

112 

00 

102 

87 

TT-15-8 

,38.5 

30.8 

45. 1 ! 

38 . 0 

30.0 

00 

02 

114 

07 

TT-1 5-1.3 

30.1 

34,7 

40.1 

37 

37.0 

08 

04 

108 

10 1'** 

TT-15-1(» 

37.0 

31.0 

35.3 i 

45,2'*< 

37.3 

101 

83 

05 

121'-* 

n-l5-24 

41.1 

40.4 

43.1 

3-1 .4 

,30.8 

103 

102 

108 

8(5 

Cht‘ck 

34.3 

38.2 

13.7 

33 . 4 

37.4 

07 

108 

123 

04 

TT- 15-30 

38.0 

30.1 

38.7 

28.0 

30.3 

107 

108 

107 

77 

Tr-15-4I 

40.0 

,30.0 

41 4 

31.0 

37.5 

100 

00 

no 

8-4 

N.I). 1050 

30.0 

40.2 

41.2 

30.5 

30.5 

101 

102 

104 

02 

N.D. 1058 

30.8 

•11.0 

38.5 

30.7 

37.7 

1 00 

in 

102 

81 

Bulk 

30.0 

37 4 

40.3 

28.5 

30.3 

107 

103 

111 

70 

Ch(‘ck 

34 . 0 

30.1 

28.5 

32.4 

31.4 

07 

85 

80 

01 

l-fK)-52 

30.7 

43. 2» 

30.7 

,32.3 

38.7 

103 

1120 

103 

83 

TH-17 1 

28.2 i 

40. 7» 

31.1 

30.2 

32,0 

87 

1250 

0.5 

93 

TTT-25 

27.8 

35.0 

35.0 

30.3 

32.3 

80 

110 

no 

04 

0. 40 

25.2 

20.3 

22.lt’ 

20.0 

21.0 

1 15 

03 ; 

101” 

91 

(1. 140 

20.0 

10. K 

30. 7«' 

24.0 

20.0 

1 12 

70 

ns"* 

05 

Clu‘ck 

30.3 

35.1 

33.5 

32.7 


102 

00 1 

04 

92 


I Tn computing th(‘ perci-ntaRe yields of the cheek plots^ the avt‘rag(^ yi<‘l<l of all checks whicli was 
35.5 bushels was used. 


A End of series 1. 

6 Beginning of S(‘rinH 2. 
Cent(T of seritJH 2. 
End of scries 2. 

* Beginning of series 3. 
/ Cent<‘r of series 3. 

< Center of series *1. 
f End of series 4. 


A dead furrow marked the 


it Beginning of scries 5. 
t Center of i3eri(‘K 5. 

« End of series 5. 

« Beginning tif scries C>. 
<• C(‘nt<‘r of HiTies (i. 
p End of scries (i. 
ff Beginning of scries 7. 
r ('enter of seri<‘.s 7. 

« Kn<l of H(‘rieK 7. 

* Beginning of series 8. 
imter of ettob series. 


« Center or series 8. 

V End of series 8. 

w Beginning of series 0. 

^ C/(‘nter of S(‘rieH 9, 

V End of scries 9. 

* Beginning of sffries 10. 
«« eVnter of Meri(*H 10, 

W' End of s<^ri(‘s 30. 
lii'gi lining of aeries 11. 


In this problem certain plots which were near the ends or centei-s 
were not used in the correlation. While the location of plots in each 
series was known approximately, the number of strains in each s(jrios 
deviated slightly, so that, for example, it is possible that check plot 
designated by b may have been in series 1 instead of at the beginning of 
series 2. The plots, therefore, at the loft and right of the plots dc?sig- 
natod as the end, center, and beginning of each series were not used in the 
correlations. There were a few intervening rows between the end of the 
first series and the beginning of the second, therefore, in this study it 
was impossible to correlate varieties of the first series with those of 
the second. 
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The data arranged in the form of a correlation surface and the corre- 
lation coefficient for plots separated by four intervening plots are presented 
in Table XIIL The method of entering results m the correlation table 
for plots separated by four intervening plots may be illustrated by starting 
at the beginning of the first series of the first replications, and by using 
percentage yields The following pairs were correlated — 106 with 101, 
97 with 105, 119 with 93, 97 with 107, 85 with 111, 89 with 95, etc 
The calculated coefficient was r = +0.096 Hh 0 019, which vshows little 
or no soil heterogeneity for plots separated by four intervening plots. 

The correlations obtained in a similar manner for adjacent plots and 
for plots located at less than four plots from each other were between 
0 3 and 0 2, respectively, which indicated a low degree of soil hetcro- 


T.\BLE XIII — CORHIOLATION IN ViELDINU .VbILITY OV PlOTS SePAKATEI) iJV FoUtt 
iNTEiivENiwf Plots in 8pKiN(i Wiiea.t Rod-how Trials University 

Farm, 1025 

Porc'(*nlage clashes for yielding ability 


75 78 «X 84 87 1)0 03 <)b HO 102 105 108 1X1 111 117 120 123 120 120 132 



1 1 


115 4 9 0 31 10 10 32 1« 17 l« 
r « 0 090 ± 0 040 


0 1 


1 

a 

<) 

11 

0 

0 

24 

20 

18 

22 

13 

14 
13 

4 
1 

5 
2 
1 
0 
1 

180 


genoity. In 1924, however, the extent of heterogeneity was much greater 
for the spring-wheat and oats plots than in 1925, the studios being con- 
ducted in near-by fields for 1924 and 1925. The fields are set aside for 
nursery trials and arc under a systematic rotation. The winter-wheat 
trials are conducted in a different field. Correlation coefficients, which 
express the extent of heterogeneity for 1924, are given in the following 
table: 
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Table XIV. — Correlation or PBUf,'ENTA<iE Yielding .'Vuiutv in Neak-hy Plots 
OF Oats, Winter Wheat, and Spring Wheat, 19‘24 


Crop 

Correlation of 

CoriT'lation coeffioiont 

r 

Adjacent, plots 
Separatfid by one 

0..572 + 0.02.5 
0.490 ± 0.029 • 

Oat rod rows ' 

St^paratfid by two 

0,407 ± 0.034 

Separat'd by throt* 
8t^parai(‘d by four 
Separated by U'li 
Adjact'iit plots 
Sf'parated by one 
H(‘panit.(‘d by two 

0.412 ± 0.03.5 
0.204 ± 0.041 
0.275 ± 0.057 
0.018 + 0.023 
0.51S ±0.028 
0.4.54 ± 0.030 

Spring-wheat rod rows 

Si^jarated by thnni 
Separat(‘d )>y four 
S(‘parai,ed by t(Ti 

0.383 ± 0.034 
0.449 ± 0.034 
0.429 ± 0.000 

WintcT-wheat rod rows I 

Adja(*<‘nt rows 

0..5.52 ± 0.008 


S(‘parat(‘d by oiut 

0.293 ± 0.028 

I 

S(‘parated by four 

-0.114 ± 0.118 


The toais with spring and win<,or wheat and oats were conducted on 
different fields, as has been mentioned. With winter wheat the soil 
heterogeneity appeared to be expressed only in near-by plots. With 
spring wheat and oats considerable heterogeneity was present in plots 
which wei^ at some distance from each other. In other words there 
was considerable systematic variation across the field. By placing the 
same strain tests on separate fields and by the method outlined the rela- 
tive heterogeneity of the two areas could be determined and at the same 
time yield trials could be conducted. 

Use of Check Plots in Correcting Yields, — Aside from their use to 
indicate soil variation, chock plots have often been used to make direct 
corrections for yield. Table XV, taken from Wood and Stratton (1910), 
illustrates a simple use of chocks for the purpose of coreecting yields where 
there is a tendency to vary in one direction across a field. 

In the second column of Table XV the actual yields axe pven of 26 
contiguous ^ji-acTQ plots across a field. The figures show a more or 
less gradual decrease, reading from top to bottom. 

There is a difference of 600 pounds between the average yield of the 
first five plots and the average yield of the last five plots, or an average 
difference from plot to plot of 25 pounds. This correction is applied by 
adding to those on one side and subtracting from those on the other side 
of the centrally located plot. The amount added or subtracted depends 
on the distance from the center, f.e., a progressive difference of 25 pounds 
for each plot in either direction from the central one. The corrected 
yields axe found in the last column of the table. Note that the probable 
error is 3 per cent leas in the corrected than in the imcorrected yields. 
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Tabi.b XV.— Direct Cobbeotion fob Yieed Where Variation i.s in One Dirrc- 

TION ACROSS A FlELD 



Yield of acre 

plots, pounds 

Corrc(*(.ion, 

pounds 

Corrected 
yields, pounds 



' 2,537 

- 12 X 2 r, 

2,237 



2,515 

-n X 25 

2,240 

Mean 2,640 


2,866 

~ 10 X 25 

2,616 



2,648 

- 9 X 2.5 

2,423 



2,636 

- <s X 25 

2,4;}6 


2,581 

- 7 X 25 

2,406 


2,814 

- 6 X 25 

2,004 


2,944 

- 5 X 25 

2,819 

Difference 

2,748 

- 4 X 25 

2,048 

between means 

2,593 

- 15 X 25 

2,518 

500 poll nils 

2,507 

-- 2 X 25 

2,517 


2,357 

- i X 25 

2,332 


2,415 

0 X 25 

2,415 

Correction 

2,421 

+ 1 X 25 

2,419 

from plot, to 

2,423 

+ 2 X 25 

2,173 

plot 

2,309 

fax 25 

2,174 

== 25 pounds 

2,272 

+ •! X 25 

2,372 


2,374 

I- 5 X 25 

2,499 


2,123 

+ <) X 25 

2,273 


2,273 

-h 7 X 25 

2,448 



2,117 

+ S X 25 

2,317 



2,001 

f 9 X 25 

2,226 

Mean 2, 140.. . . 


2,115 

+10 X 25 

2,365 



2,246 

+ 11 X 25 

2,521 



2,222 

f 12 X 25 

2,522 


P. E. 

± 7 per cent 


P. E t 4 jKT cent 


Tho meihocl outlined above may be used only whore there is a 
comparatively largo number of similarly treated plots and where the 
increase or decrease in yield across a field is fairly consistent. If 
check plots are grown every third to fifth plot as they frequently are, a 
direct correction for yield is sometimes made as follows: 


DtAGKAM lu^rnTUATINO DlKTRUiXlTION OE ( 


t 

2 

3 


4 

5 

6 


Suppose every fourth plot is a check. Tho productivity of each inter- 
vening plot is estimated on the basis of the yields of the two nearest 
checks For instance, the true productivity of plot one is assumed to 
equal %Ci + for plot two equals + MC2; and for plot 
three equals J^Ci + ^€ 2 ; etc, Tho yielding value of plot six in 
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terms of the yield of check plots could he calculated by dividing the sum 
of one-fourth the yield of O2 and three-fourths the yield of C3 by the 
average yield of all checks and expressing the relationship in percentage. 
The coirected yield of plot six would be obtained by dividing the actual 
jdeld by the coinpuiiod percimtage yield. This method assumes perfect 
correlation bctwt'on l.he yielding value of near-by plots which probably 
very seldom is obtained in actual practice. This method and any other 
methods as yet devised for coiTCcting yields assumes that all varieties 
respond in the same relative manner to various environmental 
influences which, in some cases, is not a sound conclusion from a 
biological standpoint. 

Several othei- formulae have been used to calculate the normal yields 
or (Af) of plots adjacent to a particular chock. In tliese formulae, C = 
average yield of all checks, C’l, C-i, etc. ecjual the yield of particular check 
plots. In formulaci (1) and Cl), as given, the check plots wore arranged 
every third plot- I’lie, formulae may bo modified in i-elation to the dis- 
tance be(.we<!i> t,he (duMik plots. 

Some of the formulae tried are: 

mi + -b HC^) = N (1) 

ViU. + Cl) or S-ifC' -b = N (2) 

J4 -b HOt)] = N (3) 

where p\ and pz arc equal to 1 the numerical values and 3, respectively. 

Each of the almvo formulae corrects on the basis of partial relation- 
ship or partial correlation botw<ien near-by plots. This is evident as in 
each case the averag<( yield of all checks Is used together with the yield 
of near-by checks to obtain an id(«x of normal yiehling ability of the plot 
in question. The use of the above formulae as the means of adjusting 
yields wore compared by Btockborger (1916) for yield of hops and by 
Batchelor and Ihied (1918) for yields of lO-tree navel orange plots with 
the method of direct con-oction Imsed upon the yields of near-by checks. 
Each of the three methods of (Mirrcction gave lower average deviation 
values than the direct method of correction based upon noar-by chocks. 

Itichey (1924) devised a method of planting by which each of ton 
strains in the comparison wsus used £is a chock in some one of the ten 
replications. The heterogeneity coefficient was computed and adjust- 
ment of the yiehls of near-by plots made upon the b^is of a moving aver- 
age and the regression equation. A somewhat similar method has been 
tried in rod-row trials. This method can bo illustrated by the studios of 
heterogeneity reported in Table XIV. After computing the correlation 
coefficients which express the degree of heterogeneity, the regression 
equations were calculated by means of which any particular value of Y 
can be computed for any value of X. The means, standard deviations, 
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and regression equations for plots located adjacent to each other and 
separated by one to four intei'vening plots are given in the following table: 

Table XVI. — Means, Standard Deviations, and Rbokession Equations 
Obtained prom the Cokrelation Studies op tub Yielding 
. iVuiLm OP Spuing Wheat Hod Rows 
University Farm, 1924 


Based on correlation of 

Means 

Standard 

deviations 

Regression equations 

X 

Y 

A 

Y 

Adjacent plots . . . 

99 74 

99 74 

13 90 

13 05 

Y 

= .37 85 + 0 020.5A' 

Separated by one 

99 70 

99 77 

14 02 

14 05 

V 

= 47,99 -1-0 5191A' 

Separated by two , , 

99 74 

90 90 

14 10 

14 IS 

Y 

= .54 50 ■+■ 0 1-.54CA' 

Separated by throe 

99 75 

99 9:j 

U 32 

14 48 

Y 

= 01 30 f 0..3873A 

Separated by four 

99 84 

100 00 

14 40 

Vi 95 

Y 

= 50 72 -1- 0 4350A 


In the spring-wheat and oats studies, chock plots of standard varieties 
were distributed through the test such that every sixth plot was a chock. 
The yields of each plot of near-by vanoties were adjusted by means of 
the regression values. The method used is illustrated for several plots 
in the wheat senes. 


Plot No. 

Actual yield 

FfTcfuita^o yhdd 

Check a 

25 1 

93 

S 

27 5 


9 

20.3 


10 

2S 3 


11 

24 2 


12 

25 7 


Che(ik b 

32 2 

120 


The yielding ability of each chock plot was oxprosscKl in percentage by 
dividing its actual yield by the average of all chock plots. By this 
method the yielding ability of (Ihock a was 93 and of b 120. 

If y equals percentage yield of near-by plot and x equals percentage 
yield of the check, then the corrected percentage yielding values for plot 
8 would be 

1. F = 37.85 + 0.0206 X = 95.56 

2. F = 66.72 -f- 0.4350 X = 108.92 

A value of 102 was obtained by adding I and 2 and averaging. The 
corrected yield for plot 8 in bushels would then bo, obtained by dividing 
the actual 3 dold, 27.5 bushels, by 102. In this way the yield of each plot 
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of each variety was adjusted by the yield of the two nearest check plots 
on the basis of the average relationship as expressed by the calculated 
regression equations. 

After obtaining a corrected yield for each plot of all varieties, except 
the check plots, a probable error in percentage was calculated by the 
deviation from the mean method. These probable errors were then 
compared with probable errors obtained before adjustment. The results 
are presented in the following table. 


Table XVII. — Probable Error for a Single Piajt Test before Adjustment of 
Yields and after Correcting Yields on the Basis of the Regression 
Values and in Relation to the Two Nearest Check Plots 


Crop 

Prol)a})le en’or in pcircoiitago 

Actual yk'ld 

After corrtHdioii 

Rnrincr wlioat 

9.9 

9.7 

8.0 

5.8 




The actual percentage probable errors are reduced by adjustment to 
a moving average by approximately 19 and 13 per cent, respectively, 
which is slightly more than expected on the basis of the standard errors 
of estimate for the correlation coefficients obtained. . It seems very doubt- 
ful whether the reduction in probable error is worth the trouble of making 
the calculations. 

Some Difficulties of Field Trials— From the previous discussion, 
it is apparent that there are many difficulties in making accurate field 
trials. There are numerous reasons for this. When large numbers of 
strains must bo compared, each strain must be grown in small plots. 
The difficulties of planting, harvestmg, and threshing the crops on small 
plots and of obtaining yields in<Hcativc of the probable yielding ability, 
when planted under farm conditions, are rather groat. The rod-row 
method for small grains, which will be presented in some detail later, 
appears fairly satisfactory for these crops. Even here there is not 
complete uniformity of opinion as to rate and methods of planting and 
other details of handling. It is probable that, under different environ- 
mental conditions, it will be found necessary to modify the general 
methods used. The better methods of work must be learned, therefore, 
for each separate locality. General principles can be laid down, however, 
for such important questions as shape and size of plot and the number 
of replications to be used, and, likewise, for competition between near-by 
varieties. 

Replication and Its Value.— It has been found that systematic repeti- 
tion of the plots reduces the probable error and, hence, increases the 
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significance of the results. The number of replications necessary in 
order to make reliable comparisons is somewhat clopendoiit on the kind 
of crop but to a greatoi* extent on soil heterogeneity. If it were desired 
to establish a significant difference of as little as 2 bushels between varie- 
ties, more replications would be needed than if a significant difference 
of 4 bushels was accepted as satisfactory. Several investigations have 
been repoi*ted which for the particular condition of the experiment show 
the number of replications desirable. 

Mercer and Hall (191 1), of England recommend the use of five system- 
atically distributed plots of ^cro each. Montgomery (1913), in 
his work at Nebraska, found that IG-foot rows gave best results when 
repeated from 10 to 20 times. At the Cornell Experiment Station, 
when a careful yield test is desired, each strain is grown in 10 distributed 
rod rows. 

In the plant-breeding nurseiies of the Minnesota and West Virginia 
Experiment Stations, the practice is followed of growing each strain 
in a plot consisting of three rod rows. The plots are replicated three 
times, making four plots in all. The contra! rows only are harvested. 
Table XVIII, taken from Hayes and Arny (1917), shows the effect of 
replication based on the yiedd of the central rows of the wheat checks 
grown m 191(). 


XVTTI — Vabite of Heflioation IUsed ox 72 Oextiul Rows or 3-uow 
Plots orTtruKE^ Wintwk Wiikvt (Minn. 529) Ohown in the Plant-bueedino 

NinisEitv 


NiiirilxT of ‘plications 

NumIxT of 
variables 

M(‘au yii‘ld 
p(*r acre 

Standard 

d(‘vialion 



— 

~ 



Nono 

72 

27 r, +0.4 

4 Of) ± 0 20 

C)iu‘ (average of two plots) . . . 

39 

27 0 -1 0.3 

2 OS * 0 24 

IVo (averagf} of tlmx* plols) , . 

24 

27 4 d: 0 3 

2.51 .t 0 24 

'Eiroe (average of four plots) . . 

IH 

27 () > 0 2 

1.49 ± 0 17 

Five (average of six joints) 

12 

27.3 ± 0 4 

2,01 ± 0 28 

I01(*v(ni (avc'rage of Iwelve plotw) . 


27 3 1 0 3 

1 .21 ± 0.24 


While the standard deviations do not decrease according to theoretical 
expectation, they do show a marked decrease up to and including three 
replications. In general, beyond this point it is ciuestionable whether 
the relatively small gain in accxiracy warrants the additional work. 
Other results obtained at the Minnesota Station indicate that plots of 
Ihi-ce rod rows each or Ho-ixcm plots sown with the ordinary grain chill, 
give about as accurate a comparison for yield when replicated three titnm!< 
as when replicated eight times. 
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The illustration of the value of replications in which yields of 
check plots and the same amount of land used for the study of the value 
of a single-plot test as for several replications, introduces an error which 
is not warranted. It is a matter of common experience that small areas 
of land are more uniform as a rule than larger areas. The larger the 
number of replications, however, the gi*eater the area of land which must 
be available and, consequently, the greater the deviations in productivity. 

Professor A. C. Arny lias conducted several studies of field-plot 
technic and kindly furnished yield data for 120 rod rows of Haynes 
Bluestem wheat. The following computations illustrate the value of 
replication. The data on yield, for row 1 to row 120, respectively, are 
given on the basis of bushels per acre and are as follows: 


Yields obtaincid in rod rows: 

25.0, 22.0, 21,7, 22.0, IS. 6, 23.5, 20.:^, 10.0, 24.0, 22.0, 22.0, 25.0, 

24.9, 25.0, 20.7, 24.5, 20.3, 25.2, 25.0, 23.1, 28.5, 27.0, 2(i.(), 25.0, 

20.4, 24.4, 23.1, 30.7, 25.7, 21,0, 23.2, 23.2, 21 .5, 25.0, 24.4, 28.2, 

28.7, 26.8, 25.2, 20.0, 25.4, 20.5, 24.4, 24.1, 29.2, 24.3, 28.0, 25.5, 

28.0, 23.7, 20.4, 27.8, 23.8, 23.7, 28.3, 28.8, 21.0, 2;*]. 8, 24.8, 22.8, 

27.0, 23.8, 24.0, 31.7, 28.0, 28.1, 24.5, 20.7, 31.0, 23.7, 25.0, 33.0, 

28.9, 27.5, 25.2, 27.9, 28.2, 25.4, 25.8, 28.3, 32.0, 20.0, 28.3, 33.7, 

30.0, 27.2, 20.0, 30.0, 22.7, 21.0, 10.3, 24.0, 28.8, 25.2, 20.0, 27.0, 

25.3, 27.4, 25.2, 21.0, 28.3, 25.1, 21.0, 24.0, 25.9, 24.8, 20.9, 25.9, 

24.3, 25.8, 22.1, 20.9, 27.0, 27.0, 27.3, 30.2, 22.4, 23.7, 23.1, 20.5. 

For the purpose of studying the value of replication the variability 
of yields, was computed separately on the basis of 20 determinations and 
for one, two, four, and si.x systematically distrilnited plots. 

The coefficients of variability are compared iti the following table with 
the mathematical expectation : 


Table XIX.— -The Value of llEiMiUJATioN in llon-uow Trials as a Means of 
liEDirOINti THE DeOREK OF VAIU.^UfLITV 


Number of 
doterminatiotm 

Number of 
systomati cully 
(iistribTit(Kl plots 

a V. 

Math(nuatical 

exportation 

20 

1 

9.05 


20 

2 

6.54 

0.0r>/\/i2 = (i.42 

20 

4 

5,61 

4.53 

20 

6 

4.44 

3.69 


The calculated coefficient of variability decreases in size as a result 
of replication, although slightly less rapidly than would be indicated by 
mathematical expectation. This is, perhaps, because a greater area of 
land must be used for several replications than can be used for single- 
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plot trials, which on the avorafto brings in soils of greater difference in 
productivity than found in smaller areas. 

An illustration of the value of replication with strawberries has been 
furnished by A. N. Wilcox. In this study j ^ 20 -acre plots were used and 
the computations were based on 20 determinations, the original yields 
of fruit being obtained from 80 single-row plots. As there were four 
separate computations for the use of single plots, a diagram of the field 
is included. 


Diagram of PijOtk of a Sthawhehuy Fikuj 


1 

41 

2 

V2 

<'t<* 


(«) 

(<■) 

21 

01 

22 

f>2 

(‘tr 

(‘tf 

(/>) 

00 


The coefficients of variability are presented in the following table: 


TabijD XX. — The Vauue of Rnpr.ic\TtoN in iStuawbbuuieh (After .d. N. W%lcox) 


Area of 
field 

Kunibcr 
of dotor- 
niinaiioiis 

Number of 
KyHfc(^rnatically 
di-stributod 
plots 

c: V. 

Average 
(t. V. of 
group 

Mathe- 

luatieal 

0KpecU\r 

lion 

a 

20 

1 

10 y:} ± 1 80 



b 

20 

1 

24 33 ± 2.7.') 


19.0 

0 

20 

1 

14 77 ± l.(i0 



d 

20 


22 23 ±2.49 



a and b 

20 

2 

11 07 ± 1 20 

J4.0 

13.9 

c and d 

20 

2 

17.2,5 ± 1 00 



b, c, and d 

20 

4 

10.02 ±1.18 

10 9 

9 2 


Replication was found in this case 1.0 bo a promising means of con- 
trolling soil heterogeneity. It does not always control heterogeneity for 
the area of land upon which some of the replications are carried may be 
very different from the remainder of the field and the larger the area the 
more difficult it is to obtain similar growth conditions. By carrying 
check plots at frequent intervals and by studying the two varieties on the 
basis of the probable error of the differences (essentially the same thing 
as using the correlation coefficient in the correct formula for probable 
error of a difference) when similar plots are paired, it is possible to control 
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soil heterogeneity by replication and practically to reduce the error of 
the test to a point, limited only by expense and available land. 

The manner of making replications is another factor to be considered. 
If the experimental plots are all planted in a single serievS, then replica- 
tion becomes a matter of systematic repetition, as is shown by the follow- 
ing diagram in which each different letter represents a distinct strain: 


A Mkthoi> of Replication 



As a rule the experimental plots cannot all be placed in the same 
series. It is often necessary to make alterations from a mere systematic 
repetition in order to secure a representative distribution of the strains. 
The two following diagrams illustrate a correct and an incorrect manner of 
replication: 


CoaUE(JT MaNNEU of RlOrLIOATION 
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Inoohheot Manner of Replication 
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Size of Plot,— The numTxjr of replications required to secure a given 
degree of accuracy is somewhat dependent on the area of the plot. 
Mercer and Hall (1911) found that variability is diminished with 
increased size of plot up to ^I'Cre. Plots of larger area do not show 
the same relative reduction in variability. Figure 14 represents graphi- 
cally their results with wheat, 
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Montgomery (1913) also finds that increased size ot plot, up to a 
certain limit, rapidly decreases variability. In plant-breeding work, 
where very numerous strains are compared, the size of plot is necessarily 
limited by available space and sometimes by amount of seed. Some form 
of row planting is usually followed. These rows are planted, cultivated, 
and harvested by hand and frequently show nearly as low probable errors 
as those obtained from }iQ-a,CTe field plots. 

In one such study conducted by Prof. A. C. Arny with Haynes, Blue- 
stem wheat the probable en’or for rod-row trials was 11.30 per cent while 
that for plots was 8.91 per cent 



Fig. 14. — Actual and theoretical i eduction in stand.ard cloviation duo to iiieroaHe iu S'zo 

of plot 


Studios in rod-row trials indicate that size of plot is loss imporliant 
than replication as a means of controlling vanability. The tcst.s n^ported 
in the following table represent a 2-year average for studies of single- and 
irwo-row plots: 


Table XXI. — Coefficients of VAiiiAiiiuTY fou a CVjmpaiukon of the Variaihlitv 
IN Yields of HrmfLE- and of T\vo-h<')d Rows 
UuivorKity Farm 



Num- 

CoeflicuMit of variability 

Variety 

her 

of 

plots 

Hinghi row 

Two (‘cntral rows 

Manchuria, No. 105 

Ligowa, No. 281 ... 

30 5 
42.5 

15.89 ± 0.94 

14 75 f 0 74 
19.24 ± 0.94 

IG 00 ± 0,93 

12 84 ± 0.05 
15.27 ± 0 70 

Haynes, No, 109 

35 5 


These studies wore obtained from check plots of barley, oats, and 
wheat, respectively, which wore spaced eveiy fifth or sixth plot in the 
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experiment. They represent central rows, as border rows were included 
for each plot. 

Similar results were obtained by Stadler 1921 in the following table: 


Table XXII. — Coefficients op Variability of One- and Three-row Plots 


Check plots of 

Number of plots 

Cofjffi-cieut of variability 

One central row 

Three interior 

rows 

Barley 

21 

24.80 

22.1<S 

Oats 

20 

24.80 

22.7)9 

Wheat 

80 

27.08 

25.11 


In a study of plot size with potatoes, conducted by Krantz (1922) at 
Minnesota, a comparison of relative variability for rows of lengths from 
one to six rods was made. As in most experiments, the entire area was 
used which makes the comparison somewhat more favorable for large 
plots tlifl.n would be obtained in actual practice. It was concluded that a 
row three rods long was more deskable than a single-rod row and was 
about as valuable as a six-rod row. A study of plot size with potatoes 
has also been made at the West Virginia Station (Westover, 1924). In 
this experiment there were available 220 single-row plots 150 feet long. 
Each plot was sampled by taking the yield of various row lengths in 
multiples of 10 feet. The sharp reduction in the probable error occurred 
between row lengths of 10 and 40 feet. Beyond 00 feet the probable 
error was reduced very little. In a somewhat similar study, Batchelor 
and Reed concluded that an eight-tree plot for orchard crops was more 
desirable than one of smaller size. 

It may be impossible to decide what size of plot is most advantageous 
without conducting the study under various experimental conditions and 
for special crops. In comparisons of crosses between relativiily pure 
lines in corn, all plants of each Fi cross consist approximately of the same 
genotype. It seems reasonable to conclude that in such comparisons 
smaller plots may prove as reliable as much larger ones where, in addition 
to soil variability, it is necessary to have sufficient plants in each plot in 
order to obtain a random genetic sample of the variety. 

Shape of Plot and Border Effect, — Plants growing along the side or 
end of a plot are often more thrifty and vigorous than those growing in 
the interior. When plots consist of single rows, the plants at the extrem- 
ities near the alloys or pathways appear superior to those growing far- 
ther in. 

Mercer and Hall (1911) divided a field planted to a single variety into 
plots of equal area but different in shape (approximately, 20 by 12 
and 50 by .5 yards) and, therefore, without border effect. No significant 
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difference in comparative variability was found between the tw’^o shapes. 
Barber (1914) found that where cultivated pathways surrounded plots, 
the plants along the margins were more product! than those wdthin 
the plot. 

Table XXIII presents data collected by Arny and Hayes (1918) 
from plots seeded with a grain drill, in rows 0 inches apart. Eighteen- 
inch alleys separated the plots, and there was a roadway along each end. 
In length the plots were trimmed to 132 feet. They were 17 drill rows 
in breadth, each 6 inches apart. Each of the two outside border rows 
was harvested separately and the yield compared with the yields obtained 
from the central rows. The plants on each end of the plots to a depth 
of at least 1 foot were cut and discarded. 


Table XXIIl — Compauisok oe Average Yield of Oats, Wheat, and Barley 

IlAIiVESTED FROM BoRDER UoWS AND C^ENTRAL RoW S 

Plots 132 by 8 5 



OiUs 

Wheat 

Jiarby 

Sourcp 

Nurn- 

Yield 

Nutn- 

YiiM 

Nurn- 

Yield 


b(‘r of 

l)er fi({r(‘, 

}>er of 

}K‘r {U5r(', 

b(‘r of 

p(‘r 


plots 

liushelss 

])lotK 

buKhds 

1)1 ots 

huHb(4s 

Outside ])ordor rows. 

14 

132 0 

20 

nt) 0 

10 

97 7 

Tnsido border rows. . . 

44 

88 0 

20 

41 0 

m 

04.5 

Central 13 rows. .. 

44 

71 4 

20 

27 .5 

10 

42 9 


It is clear that border effect may profoundly influence yield. Long, 
narrow plots have a larger proportion of their area in border tiian those 
which more nearly approach a S(iuare. Tliis would mam to indicate that 
square plots should be given preference over oblong <*nes unless the bor- 
ders are discarded. As a matter of fact, most workers use long, narrow 
plots because of the gn^ator case with which they may be seeded and 
harvested with macliinery. Border effect may bo entirely removed by 
discarding the borders and ends of the plot. 

The removal of borders appears desirable when the fact is considered 
that different st, rains and varieties may react unequally to borders or 
ends. Evidence has lieen accumulated winch shows that some strains 
utilize the border to a greater degree than others. Obviously, those 
strains which gain least from the alloy space will not bo given a fair trial 
unless border rows arc discarded from all the plots in the experiment. 
Conversely, those which have the gr<»ater ability to use the border may 
be given a higher rat ing than they doseiwe unless the borders are removed. 

It would seem from the evidence presented that it is highly desirable 
to discard ends and borders to a depth of at least 3 foot in the case of 
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rectangular plots and 1 foot at each end in the case of rod rows growing 
side by side. 

At the West Virginia Station^ the soybean varieties are grown in four- 
row plots and replicated three or more times. The rows are 18 feet long 
and 30 inches apart. After discarding the end plants one of the inner 
rows is harvested for seed and the other inner row is harvested for forage. 
A study has been made of the influence of height and yield of the adja- 
cent rows on the yields of the border rows. No appreciable effect of 
competition was found. 

Competition as a Factor in Plot Variability. — Competition between 
near-by strains, particularly under certain experimental conditions, may 
seriously influence results. A tall variety may hamper a short one, or a 
vigorous grower may inhibit one that grows more slowly. The exist- 
ence of competition between adjacent strains or varieties has been proved 
at several experiment stations. The work of Kiesselbach (1918) at the 
Nebraska Station is particularly illuminating on this point. Kiessel- 
bach compared competition between adjacent single-row plots and 
adjacent plots each consisting of from three to five rows. The yield of 
border rows was in some instances included in the yifdd of the blocks. 
His results arc summari^siod in the following table : 


Table XXTV. — Summaky or liicLATivE GaArx Yields op Vauiettes Tested in 
Single-row Plots and Also in Blocks Containing Spjvbual Hows 



Year 

of 

tost 

Ratio of variety 1 to variety 2 

Varieties (compared in altornating rows and 
in alternatinj; bloeks 

Alter- 

nating 

rows 

Alter- 

nating 

blocks 

Com- 
peting in 
same hill 

Turkey Red (1) and Bijj; Frame (2) winter 
wheat 

1913 

1 100:107 

100:97 


Turkey Red (1) and Big Fraim^ (2) winter 
wheat 

Ittl4 

100:85 

100:97 


Turkey Red (1) and Nebraska No. 2H (2) 
winter wheat 

1913 

100:107 

100:107 


Turkey Red (1) and Nebraska No. 28 (2) 
winter wheat 

1914 

100:03 

100:85 


Kherson (1) and Burt (25 oats 

1913 

100:130 

100:112 


Kherson (1) and Burt (2) oats 

1914 

100:139 

100:101 


Kherson (1) and Swedish Select (2) oats. — 

1913 

100:82 

100:77 


Kherson (1) and Swedish Select (2) oats.. . . . 

1914 

100:89 

100:93 


Hogue's (1) and Pride of the North (2) corn.. . 

1912 

100:66 

100:85 

100:47 

Hogue's (1) and Pride of the North (2) corn. . 

1914 

100:38 

100:53 

100:20 

Hogue's (1) and Hnivorsity No. 3 (2) corn, . . 

1914 

100:90 

100:98 

100:99 

Crossbred Hogue's (1) and inbred Hogue’s (2) 
corn 

1916 

100:31 

100:37 

100:21 


1 Garber and Odland 1920. 
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A comparison of the columns in Table XXI V, headed ^^Alternating 
rows” and ^^Alternating blocks,” show strikingly the effects of competi- 
tion. In almost every case the varieties grown in alternating rows show 
a greater difference than the same varieties grown in alternating blocks 
Perhaps the extreme effect of competition is shown by different varieties 
of corn grown in the same hill. 

In yield trials for such crops as corn where the hill method of planting 
is used, variation in stands greatly modifies yield per hill or plot. Studies 
of Kiesselbach (1923), given in the following table, illustrate this point: 

Table XXV. — Relative Yields of Three-plant Hills When Adjacent to Hills 
WITH Various Numbers of Plvnts 
2-v(‘ar Avi^iago 


Three plant hills surrounded by or adjacent to 

Total nunilxT 
of hills 
aviTaged 

Relativ(' gram 
yield per 
lull 

Surrounded by tliree plant hills . . 

508 

100 

Adjaeent to one hill with two plaiibs 

3(>0 

102 

Adjacent to one lull with one plant 

302 

107 

Adjacent to one blank lull 

3(>(> 

114 


If each hill adjacent to a blank hill increased (as it did) its yield 14 
per cent, 60 per cent of the loss due to the blank hill would 1)0 re-covered 

The results presented, together with othei’S of a similar nature, 
prove that border-effect competition with certain varielic^s, which result 
from unequal stands of hill crops and competition between near-by 
varieties, is a source of error in plot or nursery experiments. Such 
errors may be controlled by various means, some of which are mentioned 
here: 

1. Similar sorts may bo grouped, as is recommended l>y Ix)ve, for 
yield tests in rod-row trials of small grains. 

2. Multiple-row plots may bo used and Ijordor rows remov(id, a 
method frequently used in rod-row tests of small grains conducted in 
the Great Plains area of the United States. 

3. With crops, such as corn or soybeans, surplus seed may bo planted 
and later the rows may be thinned to a uniform stand. 

4. For hill crops, such as potatoes and corn, perfect stand hills sur- 
rounded on all sides by perfect stands can be harvested for yield trials. 

6. For field-plot tests the outside rows can be discarded and yields 
based upon center rows. In drilled plots of small grains the two outside 
drill rows and 1 or 2 feet of grain from the end of each plot may be 
removed before harvest. 

After taking all possible precautions to eliminate systematic mistakes, 
there will remain certain errors which, under field conditions, it is impossi- 
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ble to avoid. By a statistical analysis the data are studied further for 
the purpose of learning the probabilities that the differences observed 
are of real significance and not a result of random sampling. Probable- 
error methods of comparison may be grouped under three general heads : 

1 . Computation of probable errors for each individual variety or strain. 

2. Computing a probable error of the experiment in percentage which 
is used to obtain probable errors for any variety or strain in the test. 

3. '^Student's” method of comparing results. 

These and other methods are of relatively recent application and, 
unfortunately, as yet there are no universally recognized standard means 
of statistical treatment for field-plot trials. Certain methods now in 
use will be illustrated and some of their shortcomings mentioned. 

Probable Errors for Each Variety. — If four systematically distributed 
plots arc used the probable errors can be computed directly. In this 
case, n — 1 should bo used instead of n. This method appears to be 
the least desirable for a plant breeder. Its undesirability, however, is a 
subject for debate. 

On the basis of a small number of determinations, such as four sys- 
tematically distributed plots, it may happen by chance that certain 
varieties may give about the same yield in each of the plots. The cal- 
culated probable error in this case will be very small. There is certainly 
the possibility that all four plots may happen to fall on very productive 
soil or in places of low productivity. It can be demonstrated that if a 
single variety is planted on a field and harvested in small plots and if 
each four plots, systematically distributed, are considered as a separate 
strain that the computed probable errors may differ by as much as several 
hundred per cent. 

Probable Errors Computed from Checks. — There are various methods 
for the calculation of a probable error of the experiment. These will be 
illustrated and the use of such a probable error will be discussed. 
Probable errors obtained from check plots may be computed and 
expressed in percentage. It is possible to use sufficient check plots 
so that the computed probable error of a single determination, i.c., S. D. X 
±0.6745, may be reliable for the variety in question. By dividing the 
probable error of a single determination hy \/n where n equals the num- 
ber of systematically distributed, replicated plots, the probable error of 
the method of trial is obtained. This is mathematically correct only 
when replication reduces variability as rapidly as theoretically expected. 
The yield of each variety can then be multiplied by the probable error 
in percentage which will give a probable error in bushels. When suffi- 
cient check plots are not available, an average probable error of the 
experiment can be obtained by some other means in which the results 
from all varieties are used and the probable error is computed in 
percentage. 
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The Pairing Method of Securing a Probable Error. — Under certain 
conditions, it is impracticable to devote so large a share of the experi- 
mental field to check plots. Wood and Stratton (1910) have suggested 
a means of securing a rehable probable error without the aid of checks. 
Briefly, their method consists of systematically pairing similarly treated 
plots and finding their mean yields. The deviation of this mean from 
the yield of the original plots is expressed in percentage^ of the mean. 
The following illustrates the procedure: 


Plot arrangement 

A' 

J5' 

C' 

et(5 

A" 

B" 

C" 

etc. 

A'" 

B" ' 

(Ut f 

etc 

Yield per acio 

20 

22 

21 

etc 

21 

23 

25 

c‘tc. 

21 

22 

23 

Ol (• 


Now if all A plots are similarly treated, /I' would I)e paired with A" 
and A" with A" etc. 

In this method the probables error is express(^d in p(a*conl age of the moan. 
If the number of pairs is sufficiently groat the do vial ions + and — will 
yield a normal frequency curve. As in the nuilhod of det(‘rmining the 
probable error by means of checks, it is d(^sirablc to have a large' enough 
numbcir of variants to secure at least an approach to the normal frecjuency 
distribution. 


Taule XXV r — The Paikino MBTinm 






Deviat ion in 

Plot 

Yield 

M<‘an 

Deviation 

l)(‘r(*<‘ntago of 
mean 

A' 

20 \ 

20 5 

I 


A" 

A" 

21/ 

21 1 

0 5 

2.4 

A'" 

etc. 

24/ 

22 6 

1 5 

<) 7 


Sinoilarly, the yields of iJ', B", and i?" ' are paired, etc., as with the A 
series. After treating all varieties in a similar manner, the ave^rage devia- 
tion in percentage is obtained. This was us(k 1 by Wood and Btratton as 
a probable error in percentage for a single determination. 

They (1910) present the following probable errors obtained by the 
pairing method, based on a large number of replicated plots of wheat, 
barley, oats, mangels, rutabagas, potatoes, and seed grass<‘s: 

400 pairs of plots, different sizes P. E. 4.2 per cont 

45 pairs of plots, each. H acre P. E. 3.5 per cent 

52 pairs of plots, each ^ acre 1\ E. 3,6 per cont 

20 pairs of plots, each Ho acre P, 3.9 po- cent 

200 pairs of plots, each Ho acre. ... . . . P, E, 4, 6 per cent 

76 pairs of plots, each Ho acre — ^ , .... . E, 3. 1 p(^r cent 
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In this method the average deviation of plots, systematically paired, 
is used directly as a probable error. A modification of this method was 
suggested (Arny and Garber, 1919) by squaring each percentage devia- 
tion, summating these squared deviations, dividing the sum by the 
number of deviations, and extracting the square root of the quotient. 
This gave a probable error somewhat higher than that obtained by Wood 
and Stratton. Another method of computation which is called the 
^ deviation from the mean method” has been suggested by Hayes 
(1923). The latter method gave results more nearly like those obtained 
from check plots and accordingly its calculation is discussed here in some 
detail. 

The Deviation from the Mean Method. — A plant breeder, in the 
majority of cases, centers his attention chiefly upon a few characters at a 
time and discards rather freely. For this reason the strains which are 
under trial are perhaps not widely different in general adaptability. 
For several years in the Minnesota-plant breeding studies, a comparison 
has been made of probable errors calculated by different methods. 

Check plots of standard varieties — Marquis wheat, Manchuria (Minn. 
184) barley, and Victory oats — have been planted every fifth to tenth 
plot throughout the rod-row trials and probable errors calculated from 
these plots^ have been used as standards for comparison of other methods 
of obtaining probable errors. Probable errors obtained by the devia- 
tion from the moan method and by Wood and Stratton's pairing method 
were compared with the probable errors obtained by the use of check 
plots. It was found that the deviation from the mean method gave 
results which were closer t-o those obtained from check plots than were 
the probable errors calculated from the pairing method. Garber and 
others (1924), at West Virginia, have compared probable errors computed 
from chock plots with those obtained from the deviation from the mean 
method for a 3-year period for buckwheat and for 2 years for oats and 
wheat. Agreements were good except for buckwheat. The deviation 
from the mean method gave a probable error in 1921 twice as great as 
obtained by the use of check plots. The only other wide variation was 
in 1923 for wheat studios, the percentage probable error by the check- 
plot method being 12.9 and by the deviation from the mean method, 
18.9. 

The computation for the deviation of the mean method where the 
yields obtained from diffc^rent varieties are used to calculate a single prob- 
able error in percentage may be given as follows: 

Computing of Probable lirrora by the Deviation from the Mean Method 

1. Express in per cent the deviation of each plot of each variety from 
its variety moan. * 

1 The formual used was P. E. » ±0.6745'^^^'-* 



82 


BREEDING CROP PLANTS 


2. Square these percentage deviations and sum by adding all squared 
deviations. 

3 Divide the sum of the squared deviations by the total number of 
deviations and extract the square root 

4. After extracting the square root multiply the value obtained by 
±0.6745. The value obtained is the probable en*or of a single plot test 
In percentage. 

6. To compute the probable error of any number of systematically 
distributed plots, n divide the P. E. of a single plot by the \/ n 

6. Multiply the yield by the percentage probable error to obtain a 
probable error in bushels. 

The method of computation is illustrated here although much larger 
numbers are desirable than are used in the illustraiion. With small 
numbers the squared deviations should be divided by n — 1 instc^ad of n. 
One of the advantages of the plan is that so many deviations are obtained 
that an accurate esiamatc of Iho extent of variability is reached. Ihe 
plan is illustrated for two varieties (‘aeh grown in four systfnnatically 
distributed plots. Commonly, at least 100 deviations are available in 
plant-breeding studies. 


IliLUSTUATTON OF MbTHOO 


Variety 

Yield 
each plot 
in bushels 

M('an 

Deviation 

in 

buHh(4,s 

Deviation 

in 

ptT coni 

Dcvuitiou 
m per cent 
squared 

Marquis X lumillo 

35 4 


4 () 

11 50 

132 25 

Ihl5-44 

48 0 

40.0 

8 0 

20.00 

400 00 


37 3 

. 

2 7 

6.75 

45 56 


39 2 


0 8 

2.00 

4.00 

Marquis X Kaiireil 

35,5 


2 7 

7 07 

49.98 

11-15-58 

44 4 

38 2 

6 2 

16.23 

263.41 


37 4 


0 8 

2,09 

4.37 


35 3 


2,9 

7.59 ; 

57 61 




(9.57.18 
8 


~ « 10.9 


H D. Hinglo plot in per cent 


— » 5,45 « B. D. in per cent foi four synteniatically dis- 
V 4 inbuted plots by the deviation from the moan 

of the variety method 
5.45 X ±0,6745 « 3.68, 1\ E. m per cent 


It is apparent in the illustration given that plot 2 in each variety was 
in a favorable position and that there is some correlation in yielding 
ability of neighboring plots. 
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The criterion of the accuracy of the method is a comparison with 
probable errors obtained from the yields of check plots of a standard 

variety where the probable error equals ±0.0745 

Results obtained from a 6-year comparison of the two methods are 
presented in the following table: 



Table XXVII. — Probable Errors op a Single-plot Test as Obtained from 
Check Plots op a vStandard Variety and prom a Combination op Other 
Varieties in the Trial 


Crop 

Year 

C;heck-plot method 
(single standard variety) 

Deviation of mean method 
(all varieties) 

Av<Tagc 

yield, 

bushels 

Number 

of 

plots 

P. E., 
per 
cent 

Averages 

yield, 

bushels 

Number 

of 

plots 

P. E, 
per 
cent 



1919 

20.3 

42 

11.8 

20.0 

108 

15.2 



1920 

25.8 

60 

10.1 

25.0 

252 

9.6 



J921 

18.6 

44 

10.2 

17.8 

140 

10.2 

O. WXlGRTj > 


1922 

35.4 

52 

9.2 

33.8 

292 

8.6 



1923 

30.9 

26 

5.2 

32.2 

360 

5.7 

1 

1 


1924 

20.9 i 

64 

9.0 

25.7 

328 

9.9 

Average 



26.3 


9.3 

25 8 


9 9 



1919 

56.4 

48 

7.6 

62.3 

132 

6.1 



1920 

80.7 

42 

9,2 

77.1 

788 

9.4 



1921 

50.7 

43 

7.5 

51.8 

388 

7.9 

L'E oS ^ 


1922 

115.6 

55 

4.7 

1Q0.6 

160 

5.1 



1923 

61.6 

55 

7.0 

61.0 

579 

6.1 



1924 

59.0 

60 

10.4 

58.3 

292 

6.7 

Average 



70,7 


7.7 

68 . 5 


6.9 



1919 

41.9 

52 

9.5 

29.7 

80 

9.2 



1920 

49,1 

32 

10.0 

41.5 

188 

10.1 



1921 

30.9 

62 

10.0 

28.1 

232 

9.6 

oaney < 


1922 

60.7 

48 

n.o 

60.4 

520 

10.1 



1923 

56.1 

34 

7.1 

54.1 

324 

7.5 



1924 

42.5 

24 

7.9 

40.8 

76 

8.6 

Avorafye 



46,9 


9.4 

42.4 


9.2 

W. wheat 

1924 

45.2 

24 

5.3 

45.0 

88 

6.1 


The two methods of computation gave very similar results. The 
average for the 6-year period where the probable errors in percentage 
for the check-plot method are given first and for the deviation of the 
mean method next are as follows: for wheat, 9,3 and 9.9; for oats, 7,7 
and 6.9; and for barley, 9.4 and 9,2. The only differences of any magni- 
tude were in 1919 in which case the probable errors by the two methods 
are 1L8 and 15.2, respectively, for wheat; and in 1924, 10.4 and 6.7 for 
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oats. Only a single year’s comparison is given for winter wheat as in 
other years winterkilling occurred in spots in the nursery and prevented 
obtaimng probable errors of any significance. Probable errors in per- 
centage obtained by the two methods in the season in which vantcrMlling 
was not a factor are 5.3 and 5.1. 

“Student”. (1926) has pointed out that the correct mathematical 
formula, if yields of different replicated strains are used, should be as 


follows: S. D. 




where n = size of sample, i.e., number of 


replicates of each variety, and N — total number of deviations. The 
computation is not very tedious if d is expressed directly in bushels 
instead of in percentage. A probable error in percentage can be olitainod 
by dividing the probable error in bushels by the average jueld of all 
plots and then multiplying by 100. Such a generalized probable error 
docs not take correlation of neai‘-by plots int.o accounti. Jlichey (1925) 
has presented a new method of con-oct.ing yiclils by mcairs of the regres- 
sion relation and presents a formula for computing a generalized probable 
error of the experiment which gives a much lower probable erior than 
the “deviation of the mean method.” Flo also compares this with a 
method suggested by “Student” which does away with correlation wi thin 
each replication series. 

Another method which helps to cont.rol variability is to plant in the 
form of a “Latin square.” Briefly, this consists of arranging the varie- 
ties in the test at random except for certain restrict ions, li A, B, (!, and 
D represent, the plots of four different varieties, they could bo planted 
in such a manner that each variety appears once in each row and once in 
each column and in no case in adjacent plot s. Otherwise, the planting is 
at random. In this method, any shape of plot can be used. 


IlijUstihtion of Metuoi) 
li a A D 

D A a B 

(! B 1) A 

A D B a 

A method of computing a probable error for this arrangement of planting 
was given by Fisher (1925) and discussed by “Student.” 

Methods of Using Average Probable Errors.— -One of the dangers of 
using a single percentage probable error of the experiment for each variety 
is apparent. Some varieties vary more than others and their probable 
error is larger than the probable error for the average of all varieties. 
In plant-breeding experiments the varieties frequently are similar and 
for this reason tend to react in a similai' manner. The average probable 
error may aid in' selecting an oliminafion value below which varieties or 
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strains may bo discarded without danger of throwing away a valuable 
one. This figm-e is necessarily more or less arbitrary and will depend 
upon the desired degree of accuracy. The magnitude of the figure which 
is multiplied by the probable error will also depend somewhat upon the 
desired amount of elimination. A method which in some cases has been 
found of use at the Minnesota station is to subtract the product of three 
times the probable error for the method of test multiplied by -v/^ from 
the highest or one of the higher yielding strains. The difference gives a 
figure below which it is considered safe to discard without danger of 
eliminating the strain with the highest yielding ability. Strains ' are 
not discarded, as a rule, on the basis of a single season’s trial. If the 
yield of a strain falls below the elimination figure for 2 or 3 years, it is 
discarded from further trials. 

The average yield of each variety for each crop season may be mul- 
tiplied by the percentage probable error and a probable error in bushels 
can be obtained by this means. It is then possible to compare the yields 
of any two varieties with each other for any particular season. 

A probable eiTor of an average of averages is used in some cases. The 
method now being tried out is illustrated here. A series of smooth-awned 
barley hybrids have been compared for several years with Manchuria 
(Minn. 184). Several of these have yielded well. A cross made betweec 
a smooth-awned strain and Manchuria, which carries the Minnesota No 
446, has given an average yield in rod-row trials for the 6-year period, 
1920-1925, inclusive, of 51.8 bushels, while Manchuria (Minn. 184) 
yielded 49.0. What arc the chances that this difference is significantf 
Probable errors in percentage for this 6-year period are, respectively, 

5.1, 4.8, 5,1, 3.8, 4.3, and 3.5 and by the formula a* -f- 

as explained in the chapter on biometry, the average probable error for 
the 6-year period is 1.8. Multiplying the average yield of each of the 
varieties by this probable error gives a probable error in bushels of 0.9 
for each. A comparison of the two varieties is made as follows: 


Vakibty ViiiLPS, 1020-1925 

Manchuria (Minn. 384) 49.0 ± 0.9 

Smooth-awned hybrid (Minn. 44r)) 61.8 ± 0.9 

Difference 2.8 ± 1.3 

Difference/P. E 2.2 


The odds against the occurrence of a deviation as ^eat or greater than 
this one on the basis of random sampling are 6.26: 1. On the basis of 
random saippling, however, there is as great a chance of Manchuria 
(Minn. 184) 3 delding more than the hybrid as of the hybrid yielding more 
than Manchuria, If the statement, therefore, is made on the basis of 
the probabilities that the hybrid is a better yielder than Manchuria; 
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% e.y deviation in one direction — the odds become twice as great +1 as 
given in the table of probabilities. On this basis the chances that the 
hybrid is a better yielder than Manchuria are 13 52:1. If it is desired, 
therefore, when comparing two varieties as A and 5, to make the state- 
ment directly regarding the chances that the higher yielding variety, 
which may be called A, is significantly better than B the probability 
tables presented in the chapter on biometry can be used by multipljdng 
the odds by 2 and adding 1, as illustrated in comparing the smooth- 
awned hybrid with Manchuria. 

For the years 1922-1925, Manchuria and the smooth-awned hybrid 
have been tested likewise by Prof. A. C. Arny in ? jo-acre plot trials at 
University Farm, St. Paul, Minn. The calculated probable errors in 
percentage obtained were 2.(b 3.9, 1.0, and 4.1, respoctivoly, which are 
somewhat smaller on an average than those ol)taincd for the rod-row 
tests. The calculated average probable error was l.(). The yields in 
this case were as follows: 


^'UllLT\ 

Man (‘h an a (Mnm USt) 
Sm<)oth-awn(‘d hy})n(l (Minn 44r>) 
Difforcnco 


1022-1035 
38 9 ±00 
48 5 t 0 8 
9 0 ± 1 0 


In this case the chances are very great that these varieties differ signifi- 
cantly in yielding ability. 

During t^hese same four yetirs, t.he new varwiy yielded as well as Man- 
churia at each of the five Minnesota branch stations. It was originally 
picked out for increase on the basis of its satisfactory performance and 
probable errors were used as an aid in eliminating a larger number of 
other st, rains which on the basis of yield appeared less desirable. 

It should be kept clearly in mind that the significance of the differ- 
ence, calculated in the examples given above, is based on deviation in 
one direction only and, therefore, gives great.or odds than when based on 
deviation in cither din^ction. In gcncjral, whore it is possible to apply 
two tcsl<s, the more stringent is preferable. 

The ‘‘StudenP^ Method of Comparing Two Results on a Probable- 
error Basis.— This method was brought to the attention of American 
workers by Love (1923, 1924) who said: 

The method consists of finding the diffcirenco between the two items compared 
and then the moan difference. From this mean the standard deviation of the 
several differences is found by the usual formula 

M n 

The ratio of the mean to the standard doviatign is designated by Student ** as Z* 
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The following comparison of yielding ability of varieties A and B 
will illustrate the method of computation : 


A 

B 

D 

D2 

79.0 

77.2 

- 2.4 

5.76 

49.7 

53.5 

3.8 

14.44 

46.5 

60.1 

19.0 

384.16 

63.8 

65.8 

2.0 

4.00 

42.4 

52.4 

10.0 

100.00 

47.7 

57.3 

9.6 

92.16 



6 | 42.0 6 

600.52 



' 7.1 

100.0867 


S. D. = V 10().0S(i7 '-”(7. i)'= = 
Vi 00.T)K«7 - SO. 'li = 
\/-l9.07(i7 - 7.0481 


M _ 7.1 

H. D. ~ '7.0481 


1.007 


Love (1924) has presented tables by means of which it is very easy to 
determine th(i odds that a difference is significant. For example for six 
comparisons and a Z of 1.007, the odds that the two varieties are signifi- 
cantly different, in yielding ability is approximately 25..5:1- 
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T*iBLE XXVIIL — The Cvlculvted Odds for the Z Values of ^‘Student’s’ 
T*\ble foe Estima^ting the Probability That the Difference between 
A Series or Pured Experiments is Sit;NiFiaANT 


(In Addition to Calculating tlu* Values for Z as Given in Studont’s Talile, the Values 
for the Int(jinH‘cluito Classes Have also }i(‘en Calculated) 


z 

2 

- 3 

n = 1 

it - 5 

H = 0 

// = 7 

n = 8 

n ^ 9 

n = 10 

0 1 

1 14 

1 22 

1 29 

1 3,5 

1 10 

1 40 

1 .50 

1 .55 

1 50 

U 15 

1 21 

1 35 

1 40 

1 50 

1 ()f) 

1 75 

1 83 

1 92 

2 00 

0 2 

1 29 

1 10 

1 00 

1 82 

1 07 

2 12 

2 20 

2 41 

2 55 

0 25 

1 37 

1 04 

1 88 

2 10 

2 32 

2 54 

2 75 

2 07 

.3 19 

0 3 

1 40 

1 81 

2 13 

2 It 

2 7(i 

3 OS 

3 U 

3 75 

4 11 

0 35 

1 54 

1 08 

2 10 

2 81 j 

3 24 

3 (j8 

4,U 

4 02 

5 13 

0 4 

1 04 

2 18 

2 72 

3 27 

3 85 

1 48 

5 15 

5 88 

0 07 

0 45 

1 73 

2 .30 

3 0." 

3 75 

1 .51 

5 .33 

0 21 

7 24 

8 31 

0 5 

1 84 

2 02 

3 tl 

1 ,35 

5 ,30 

ti .50 

7 80 

0 20 

10 9 

0 55 

1 91 

2 85 

3 8.5 

1 97 

0 2,5 

7 72 

9 42 

11 1 

13 0 

0 0 

2 05 

3 12 

1 .3.3 

5 75 

7 42 

0 12 

11 8 

11 0 

18 0 

0 05 

2 10 

3 39 

4 82 

0 51 

8 (»2 

11 2 

11 2 

17 9 

22 .5 

0 7 

2 27 

3 m 

5 11 

7 .55 

to 2 

1.3 0 

17 8 

2,3 1 

29 8 

0 75 

2 30 

3 09 

5 99 

8 55 

11 8 

10 0 

21 1 

28 .3 

37 2 

0 « 

2 51 

4 33 

0 70 

<) 82 

11 0 

10 .5 

20 8 

,30 5 

19 3 

0 «5 

2 02 

1 hf', 

7 .39 

11 1 

10 1 

22 9 

32 1 

11 ,5 

01 1 

0 0 

2.75 

5 01 

8 22 

12 7 

18 9 

27 7 

10 0 

.57 1 

81 0 

0.95 

2 87 

5 41 

0 0,4 

11 2 

21 7 

32 4 

47 8 

<>0 4 

1(K) 

1 0 

.3 00 

5 S3 

10 0 

10 2 

2.5 5 

.39 2 

.59 2 

80 1 

132 

1 05 

3 12 

(i 21 

11 0 

18 2 

29 1 

4.5 7 

70 4 

108 

103 

1 1 

3.20 

(> (»9 

12 1 

20 0 

31 0 

54 9 

87.5 

1,38 

210 

1.15 

3 39 

7 13 

1.3 2 

22 9 

38 7 

0.3 5 

103 

100 

202 

1 2 

3,. 52 

7 (>3 

1 t 5 

25 9 

41 9 

75 9 

127 

212 

314 

1 25 

3 05 

8 11 

15 7 

28 8 

,50 8 

87 5 

151 

2.55 

no 

1.3 

3 70 

8 04 

17 2 

32 3 

58 5 

104 

181 

322 

555 

L 35 

3 92 

0 10 

18 0 

35 8 

00 1 

119 

210 

,381 

006 

1 4 

4 07 

9 74 

20 3 

40 0 

75 9 

142 

202 

175 

008 

1 45 

4 20 

10 3 

21 0 

1 41 0 

8.5 2 

10.3 

.302 

555 

1110 

1 5 

1 .U 

10 9 

23 i> 

19 0 

98 0 

191 

309 

713 

1428 

1 55 

4 48 

1 1 5 

25 7 

1 53 9 

100 

210 

434 

8,32 

1006 

1 0 

' 1 02 

12 2 

27 7 

' OO.O 

124 

255 

,525 

009 

1009 

1 05 

4 70 

12 8 

29 8 

05 7 

138 

285 

587 

mo 

2409 

1 7 

1.91 

13 5 

32 2 

72 5 

1.58 

332 

713 

1428 

3332 

1 75 

5 05 

It 2 

31 5 

79 0 

174 

309 

832 

1000 

3332 

1 S 

r, 20 

11 9 

37 0 

80 7 

199 

134 

909 

1099 

1999 

1.85 

5,34 

15 0 

39 5 

91 2 

210 

409 

mo 

2409 

4900 

1 0 

r> 10 

10.4 

12 5 

103 

243 

587 

1249 

3332 

0990 

1 .95 

5 0.3 

17 1 

45 1 

HI 

m) 

024 

1428 

3332 


2 0 

5 78 

17.9 

48 3 

122 

302 

713 

1060 

4990 


2.05 

6.92 

18 7 

51 1 

132 

332 

708 

1999 

1999 


2 1 

0 07 

It) 0 

51 9 

111 

309 

908 

2100 

4990 


2.15 

0.21 

20.4 

58.2 

1,55 

399 

999 

2 100 

4999 


2 2 

0 36 

21 3 

01.9 

108 

454 

1249 

3332 

t)909 


2 25 

0,51 

22 1 

05.2 

181 

499 

1249 

33,32 



2 3 

(> 00 

23.1 

00.4 

109 

555 

U28 

4909 



2.35 

0.81 

21.0 

73.1 

212 

587 

1060 

4009 



2.4 

0 90 

25 0 

77.7 

232 

006 

1900 

4009 



2.45 

7 10 

25.9 

81 0 

249 

713 

1900 

4900 



2.5 

7.20 

20.9 

86,7 

209 

708 

2490 

4090 



2.55 

7 40 

27 9 

91 6 

285 

832 

2499 

4009 



2,0 

7,55 

29.0 

97,0 

302 

908 

2409 

9909 



2 65 

7 70 

30 1 

102,0 

322 

009 

2409 
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Tabi.e XXVIII. — (Conti nued) 


z 

n = 2 

V = 3 

= 4 

« = 5 

« = 0 

n = 7 

= S 

n = 9 

2.7 

7.80 

31.2 

lOS 

350 

1110 

3332 



2.75 

8.(X} 

32.2 

113 

309 

1110 

3332 



2.8 

s.io 

33 4 

118 

399 

1249 

4999 



2.85 

8.30 

34.5 

124 

410 

1249 

4999 



2 9 

8.40 

35.0 

131 

454 

1428 

4999 



2.95 

S.Gl 

30.7 

130 

475 

1428 

4999 



3.0 

8.77 

37.9 

144 

525 

1000 

4099 



3.05 

8.01 

39.2 

151 

555 

1000 

4999 



3.1 

9.07 

40.5 

158 

587 

1999 

9999 



3.15 

9.21 

41.0 

103 

587 

1999 




3.2 

0.37 

42.9 

171 

024 

2199 




3.25 

9.52 

44.0 

178 

000 

2499 




3.3 

9.07 

45.5 

188 

713 

2499 




3.35 

9. 82 

40.8 

195 

708 

2499 




3.4 

9.98 

48.3 

203 

832 

3332 




3.45 

10.1 

49.5 

212 

832 

3332 




3.5 

10.3 

51 . 1 

221 

908 

3332 




4.0 

11.8 

00.1 

322 

1000 

4999 




4.5 

13.3 

83.0 

434 

2409 

4999 




5.0 

14.0 

102 

024 

3332 

9999 




5,5 

10.5 

122 

832 

4999 





0.0 

18.0 

140 

999 

9999 





0.5 

19.0 

171 

1249 






7.0 

21.1 

199 

1000 






7.5 

22.7 

220 

1999 






8.0 

24.3 

255 

2499 






8.5 

25.8 

293 

2499 






9.0 

27.4 

322 

3332 




i 


9.5 

28.9 

309 

3332 






10.0 

30.5 

309 

4999 






15.0 

40.2 

908 

9999 






20.0 

01.9 

1000 







25.0 

77.7 

2499 







30.0 

93.3 

3332 







35.0 

1(H) 

4999 







40.0 

124 

4999 







45.0 

140 

9999 







50.0 

153 








00.0 

188 








70.0 

221 








80.0 

249 








90.0 

285 








100.0 

3U 
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Table XXVITI —{Conlinued) 


z 

n = 11 

12 

n = 13 

n = 14 

n - 15 

n — If) 

/< = 17 

rt = 18 

n =* 10 

0 1 

1 04 

1 OS 

1 72 

1 7<i 

1 80 

1 81 

1 SS 

1 92 

1 <10 

0 1,5 

2 08 

2 10 

2 21 

2 33 

2 ,30 

2 17 

2 ,54 

2 (.2 

2 ()9 

0 2 

2 70 

2 81 

2 90 

3 11 

3 20 

3 11 

.) f)0 

.3 75 

.3 01 

0 2.5 

3 41 

.3 01 

3 87 

4 11 

1 3(j 

1 ()0 

1 Sf) 

5 12 

5 39 

0 3 

4 48 

4 8li 

5 27 

5 ()0 

0 1.1 

() .59 

7 08 

7 .50 

8 12 

0 35 

5 07 

0 21 

() 81 

7 17 

8 15 

8 St) 

9 1)2 

10 4 

11 3 

0 4 

7 .53 

8 1,5 

9 47 

10 0 

11 8 

1.3 1 

1 1 ,5 

10 0 

17 7 

0 15 

9 54 

10 9 

12 3 

13 9 

15 7 

17 7 

10 S 

22 2 

24 8 

0 f) 

32 8 

11 0 

17 3 

20 1 

2.3 1 

20 8 

.30 8 

,35 1 

40 7 

0 55 

30 2 

19 2 

22 7 

20 7 

.31 i 

3(> .5 

12 7 

10 5 

57 5 

C) G 

22 0 

20 8 

32 1 

39 .1 

17 .1 

r)(, 8 

08 1 

81 t, 

<)8 0 

0 05 

27 9 

31 6 

42 ,5 

52 2 

(),i 0 

77 7 

95 2 

115 

140 

0 7 

38 1 

48 5 

01 5 

77 7 

90 0 

124 

1,5.5 

105 

240 

0 75 

48 3 

02 7 

81 0 

101 

1 11 

171 

210 

277 

.150 

0 8 

00 1 

88 3 

138 

1.58 

207 

277 

.1.50 

175 

1)2 1 

0 85 

83 7 

131 

3,55 

207 

277 

.109 

190 

1)00 

008 

0 0 

334 

31)0 

220 

311 

131 

.587 

8.32 

ino 

100() 

0 95 

111 

207 

29,3 

41() 

,587 

832 

1110 

1()00 

2199 

1 0 

195 

293 

3.31 

021 

008 

1128 

1000 

.13. )2 

4<)<)<) 

3 05 

213 

31)9 

5.55 

832 

1210 

1990 

2199 

1000 

1<)99 

1 1 

,332 

,525 

8.32 

1219 

I‘)0<) 

.3.1.32 

1099 

9999 

‘)9‘)‘) 

1 35 

Ul> 

()(H> 

09‘) 

10(>0 

2100 

33,12 

1099 


I 

1 2 

555 

908 

1128 

2199 

3332 

1990 

9990 



1 25 

713 

1130 

1(>00 

.3.1.32 

1900 

1999 




1 3 

999 

1(100 

2190 

199<) 

9990 

9909 




1 .35 

1219 

1999 

.1332 

4099 






1 i 

1000 

33,‘& 

1999 

9999 






1 15 

1999 

3,332 

4999 







1 t“ 

2 199 

1909 

9999 







1 55 

249<> 

1090 








1 0 

3,332 

9999 








1 f}5 

3332 









1 7 

1990 









3 75 

1999 









1 8 

9909 
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Tahlto XXVIII. — (Conlinued) 


z 

n = 20 

7L = 21 

7J = 22 

II 

n ^ 24 

u = 25 

// = 20 

« == 27 

n = 28 

n = 29 

n = 30 

0 1 

2.00 

2 03 

2 07 

2.11 

2.15 

2.18 

2.22 

2.20 

2. 29 

2.33 

2.37 

O.lo 

2.77 

2 84 

2.92 

2.90 

3.07 

3.14 

3.22 

3.30 

3.37 

3 . 45 

3.52 

0 2 

4 08 

4 24 

4.41 

4.58 

4.70 

4.94 

5 . 12 

5.31 

5.50 

5 (50 

5.90 

0.25 

5.(50 

5.94 

(5.23 

(5.52 

(5.83 

7.14 

7.40 

7.79 

8.12 

8.47 

8.8? 

0.3 

8.08 

9.27 

0.89 

10 5 

11.2 

11 9 

12.7 

13.5 

14.3 

15.2 

16.1 

0.35 

12.2 

13.1 

14.1 

15.2 

1(5.3 

17,5 

18 7 

20.1 

21 5 

23.0 

24.0 

0.4 

10.5 

21 5 

23.7 

20.0 

28 (5 

31 4 

31.3 

37.8 

41.2 

45.3 

49.3 

0.45 

27.7 

30.7 

34.2 

38,1 

42.1 

4(5.0 

51.0 

57.1 

(53.1 

09.0 

70.5 

0.5 

46.4 

53.1 

(50.7 

(50.4 

79.0 

89.9 

102 

117 

132 

151 

171 

0.55 

GO.O 

77.1 

89. 1 

103 

118 

130 

155 

181 

207 

237 

209 

O.C 

117 

140 

1(50 

109 

237 

277 

332 

399 

475 

555 

(500 

0.G5 

108 

203 

243 

302 

350 

434 

525 

(52 1 1 

7(58 

908 

ino 

0.7 

302 

384 

475 

021 

708 

909 

1249 

1(5(50 

1999 

2499 

3332 

0.75 

434 

555 

713 

908 

JllO 

1428 

1999 

2499 

3332 

3332 

4099 

0.8 

832 

1110 

1428 

1999 

2199 

3332 

4999 

9999 

9999 

9090 

9999 

0.85 

1110 

1428 ' 

1999 

2199 

3332 

4999 

4999 





0.9 

l‘)99 

2499 

3332 

1999 

9990 

0099 

9909 





0.95 

3332 

3332 

1999 

■1999 








1.0 

0909 

9999 

9999 

9999 









Student nuithod was devised primarily for small numbers. In 
its application to vari(‘.tal trials, this method involves pairing like plots 
and the us(i of ^^StudonVs^' tables for small numbers of replications. 
There should be a natural basis, moi’cover, for pairing, i.e., plots may be 
paired because they arc in clo»so proximity to one another or yearly aver- 
age yiedds of two variotk^s may be paired because both varieties have 
been grown under similar conditions throughout each of several years. 
In applying the mcithod to varkjtal trials, it has been used in comparing 
yearly means. If one variety is consistently a higher yieldcr, the method 
brings out thos(^ fa<its. If one variety, however, yields as much as the 
other 4 years out of 5 l>ut much kiss the fifth year because of susceptibility 
to some dis(iase or becausci of some other cause, this fact will tend to be 
covered up by applying ^SStudent's^’ method to the yearly a'voragos. 
Mathematically, on the basis of random sampling, it might bo supposed 
that in some succeeding year the low yielding variety would greatly 
exceed the other. JJiologically, this may or may not be possible. Using 
yearly probable errors will bring out certain facts in such a case where 
“ Student's method applied to yearly averages will not. 

In certain ca8(3S Student's" method is a very convenient tool for the 
field-plot oxpcrinientalist. In a comparison of Gopher oats with iho 
local variety conducted in Southern Minnesota in 1925 by R. F. Oim, 
Extension Agronomist at Minnesota, narrow plots of Gopher were seeded 
on several farms in a strip in the field and yields obtained from near-by 
plots. The results are compared by the use of Student's" method. 


92 


BREEDING CROP PLANTE 



Yields per bushel 



County 




D 



Local variety 

Gophfjr 






72 4 

78 9 

() 5 

42 25 



51 0 

73 4 

19 4 

376 30 

Fillmore . 


78 4 

90 4 

12 0 

144 00 



38 7 

59 4 

20 7 

428 49 



51 8 

(>4 0 

12 2 

148 84 



97 9 

102 9 

5 0 

25 00 

Watonwan . ... 


HI 7 

110 2 

25 5 

050 25 



100 7 

95 7 

-5 0 

25 00 



75 1 

07.7 

~7 7 

59 29 



35 7 

53 0 

17 3 

299 29 

Brown . . < 


55 4 

51 0 

70 0 

71 7 

14 0 

23 7 

213 10 
501 m 



■ 49 5 

03 2 

13 7 

187 09 



74 0 

74 5 

0 5 

0 25 

Lo Sueur . j 


70 0 

83 2 

7 2 

51 84 



00.9 

08 7 

1 7 8 

CO 84 

Tlcdwood , , j 

1 

32 4 

32 0 

35 3 

41 5 

2 9 

9 5 

8 41 
^ 00 25 

Cottonwood 

SI 3 

92 4 

11 1 

123 21 




1 !)[]!)() !) 

19l34S)(}^ 




10 3031 

184 0058 
107 3938 





70 0120 


8. 1). -= \/ii^oor)«'-'(io 3(>:n)“ = 

■>/l84 0058 -107 3038 = 
VTOroTio = 8 753S 

M n I0.3(S31 1 io<j /111 i 

STD ” ^ “ H 7628’ “ - vury Rrfiiit 


The odds that Gopher yielded .signiftciintly uiore than the local variety 
are very great in this case. 

It is apparent from tins discusHion that each of the methods has its 
advantages and disadvantages. A corrc'.ct vmderstanding of these allows 
the, application of the method which appears most desirable for each 
specific case. No method of statistical analysis takes the place of com- 
mon sense in the analysis of exper' ncntal data, but they are a very valu- 
able aid in an analysis of results. 

Climatic Variatioas. — One other disturbing factor to be considered in 
conducting plot tests is variation induced by weather conditions. Its 
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presence is so obvious to anyone who has worked with growing crops 
that further coramont is hardly necessary. In a year of deficient rainfall 
the varieties best qualified to subsist under a minimum water supply will 
yield most. Some seasons arc better for the growth of early maturing 
varieties than for late ones. An epidemic of a plant disease like rust may 
be fostered or hamjx'red by weather conditions. The question arises, 
how may errors due to this soiu'ce Ikj overcome? Conducting an experi- 
ment over a period of yeai’s is the only effective means at the disposal of 
the investigator-. The strain which fluctuates the least from year to 
year and also gives a Irigh average performance is most valuable for the 
farmer. 

Summary of Field-plot Technic. — 1. Soil hefferogeneity is universally 
present in exjxu-iirie.ntal fields althougli in varying degrec^s. 

2. The exlcnt of soil heterogeneity for any particular fi('ld may be 
studied by flui iipjjliealion of the helerogimeity coefficient which expresses 
the extent to w-hicdi luair-by jdots arrt similar in productivity. By corre- 
lating yicilds of i)lo(.s at somci tlistancci from each fdlier, the extent of 
systeinafJo variation can be d(‘termiu(‘d. The oxtfsnt of variability is 
obtsiined by analyzing f.h(> yi('Id of cluick irlots and is another means of 
learning the comj)M,raf ive h<i1<‘rog(ineity of two or more fields. 

3. If tluf field vari(^s uniformly from one side to the other, check plots 
may b(! us<‘d to corn'ct yields. In g<mera], the use of checks to correct 
yields is undosirabk!. (lorwicting yiehls on the basis of the regression 
equations and f h<\ d<!gi-eo of ixdationship in yielding ability of near-by 
plots, as ii ruk^, hkIucos the size; of th<f pi-obable <'rror. 

4. Th(* prol)al)Ie (‘.rror of an cxp(>riment may bn reduced most effec- 
tively by plot njplication. llejplication, up to a certain number, rapidly 
reduces the probable <Tror. The number of replications which should 
be used detj-wnds upon ( h<i degree of accuracy desired and the heterogene- 
ity of the soil. As a ruki, the larger the area of land used the greater the 
dcgrtK) of soil variability which must Ixs overcome. On fairly uniform 
land three or four i-eplicatious have been found satisfactory for general 
breeding studies. 

6. Increasing plot size is a loss valuable method of overcoming soil 
heterog(!ncity i.han r<splication. The size of plot used and the method of 
planting is dc'Un-rnined to som<! extent by the nature of the crop. More 
reliable results c-an be obtained by using the size of plot which reduces 
variability to a minimum, con8i<l(!ring the number of strains which must 
be tested and the value of replication. The use of smaller plots under 
replication may Ixs of more value than a much larger plot if only a single 
plot is used for each strain. 

6. Plants growing on the border of a plot adjacent to an alley or road- 
way are usually superior to those growing within the plot; hence, if it is 
desired to secure yields comparable with those which would be Secured 
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under field conditions, the border plants must be discarded. The border 
should be removed to a depth of at least 1 foot. Different varieties and 
strains may have unequal ability to utilize the free space along the 
pathways between plots and, consequently, a second reason arises for 
discarding the border. For crops which are grown in hills, as with com 
or potatoes, it is advantageous to harvest, for the yield trial, perfect 
stand hills surrounded by perfect stand hills. 

7. Competition exists between near-by varieties and strains. The 
grouping of varieties and strains so that those of similar habits of growth 
appear side by side removes to a considerable degree the evil effects of 
competition. The most effective means of overcoming competition is by 
the use of sufficiently wide borders which are discarded at harvest. 

8. After taking precautions to overcome all systematic errors, the 
use of the probable-error concept as a moans of analyzing the results is 
of material value. The method used will depend upon the nature of the 
material which is being studied. Probable-error methods do not take 
Ihe place of a common-sense analysis but are a valuable aid after con- 
sidering such important questions as the manner of planting, the amount 
of seed to plant, size of plots and i-oplication, competition, manner of 
harvesting, curing, and all other questions which have a bearing on the 
accuracy of the results. 

9. Results of field tests vary from year to year because of olianging 
weather conditions, and, for this reason, it is necessary to extend a test 
over a period of several years. For varietal trials a minim um of three 
years is recommended. 



CHAPTER V 


THE MODE OF REPRODUCTION IN RELATION TO BREEDING 

General recognition of the stability of inherited factors has served to 
emphasize the importance of a knowledge of the mode of reproduction of 
crop plants. If the crop in question is normally self-fertilized, and has 
been bred carefully, accidental crosses may cause serious mixtures in 
the variety and thus prohibit its sale as pedigi-oed seed. With naturally 
cross-fertilized plants, self-fertilization often has a detrimental effect. 
A knowledge of the mode of pollination of a crop is therefore an absolute 
necessity in outlining correct m<'thods of breeiling. 

Plants may bo placed in two major groups according to their mode of 
reproduction, asexual and sexual. 

The asexual group contains those plants which arc propagated by 
grafting, cutting, layering, or other non-s(iXual method. The chief crop 
plants belonging to this group are potatoes, sugar cane, and many fruits. 

With most crops, iisexual propagation is a means of increasing numbers 
of plants without, in general, expecting a chiingc in hereditary constitution, 
although, as will be pointed out later, bud sports of economic importance 
occur occasionally in asexually propagated plants and are of importance, 
therefore, to the breeder and grower. If such bud sports arc sufficiently 
frequent tluiy must be taken into account in the plan of the breeders. 
Some plants which are propagated asexually can be grown also from seed 
and can be bred, therefore, in the same manner as other sexually propagated 
plants. Most ascixually propagated plants, however, are heterozygous. 

It is difficult to group crops according to their mode of pollination 
since different varieties or strains of a single variety may differ markedly 
in the extent to which self- or cross-pollination occurs and seasonal condi- 
tions may modify the results. It is d(!sirablo, however, to group certain 
crops together and the following headings indicate what appear to bo 
the major subdivisions: 

1. Naturally self-pollinated. 

2. Often cross-pollinated. 

3. Naturally cross-pollinated. 

4. Dioecious. 

NATURALLY SELF-POLLINATED PLANTS 

Wheat, barley, oats, tobacco, potatoes, flax, rice, peas, beans, and 
tomatoes are some of the more important crops belonging to the naturally 
self-pollinated group. 


9S 
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The flower types are adapted for various degrees of self- or cross- 
fertilization, but natural crossing takes place in all of them in varying 
degrees. The plant breeder, however, is chiefly interested in the final 
result. 



Fig. 15— Natural hybrids in wheat. 1. From riiJtht f,o left; Hpiko of a pure variety 
produeod from a eroHs (jf Turkey winter wheat and Wellman’s Fif(‘ wheat. This is a 

hoarded variety with smooth chalT. Tlie proKony of a singlo plant of this vanety gave 4H 
lioaided, smooth ehalTod plarif-s and 2 plants with intermediate (tipped awns) and hairy 
ehaiT 2. From right to loft* Preston spring wheat; an Fi natural hybrid with intonnedi- 
ate awns and hairy ohaiT. The paicmtal varieties Irorn which these natural hybrids were 
obtained wero grown alt.erna(ely with Haynes Blue Stem tho prec<‘ding year. 

Wheat. — The individual florets of wheat and barley ai-e much alike. 
The envelope of a floret of wheat, for example, consists of the flowering 
glume, or lemma, and an inner glume, or palea. Tho sexual organs con- 
sist of a pistil with a two-branched, feathery stigma and of throe stamens 
with anthers, all of which arc onclos<Ml by the lemma and palea. Oppo- 
site the base of tho palea arc two tiny sac like organs, lodioulos. The 
incteaso in size of these organs duo to water absorption causes the flower 
to oiion. This occurs when the stigma is receptive and at this time tho 
elongation of tho filaments causes the anthers to protrude from tho glumes, 
when they promptly dehisce. Tho process of blooming is very rapid 
and seldom requires more than 20. minutes. Loighty and Hutcheson 
(1919) state that the opening of the glumes from beginning to completion 
may not require more than 1 minute, that tho anthers may bo extruded 

1 Pope has roviewod much of tho literature for coroal crops. See Jow. Am, Soc. 
Agron., Vol. 8, pp, 209-227. 
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and emptied of their contents within 2 to 3 minutes, and the glumes again 
become tightly closed at the end of 15 to 20 ininutes. Kirchner (1886) 
states that about one-third of the pollen falls inside the flower. As the 
pollen is blown ai’ound the field by the wind, it is easily seen that natural 
crossing may sometimes occur. 

Investigators differ in their beliefs regarding natural crossing in small 
grains. DeVries (190()) says, “Wheat, barley and oats are self-fertile 
and do not mix in the field through cross-pollination.” Biffin (1905) 
states that ho has never observed a case of cross-pollination in wheat; 
while Fruwirth (1909) lists soverid German breedei-s who have given 
instances of natural crosses. Fruwirfh says, “Wheat varieties can bo 
cultivated side by side for years without mixing.” Nilsson-Mhle (1915), 
in Sweden, has found that some vaiieti(;s show a m>ich greater amount 
of natural crossing than others. Howard and others (1910a.), in India, 
carefully studietl natural crossing in wheat for several years and recorded 
231 natui'al crosses. Bmil h (1912) rei)ortcd eight natui-al hybrids in 96 
rows of Turkey winter wheat and Saunders (1905) told of a natural hybrid 
which occurred at Ottawa. During the last few years at University 
Farm, St. Paul, at least 2 to 3 per cent of natui-al crossing in wheat has 
occurred in the plant-l>reeding plots. Cutler (1919) mentions frequent 
natm-al crosses at Saskatoon, Canada. Garber and Quisenberry (1923) 
concluded that in 1921 natural crossing occurred in winter wheat grown 
in experimental plots near Morgantown, W. Va., to the extent of less 
1 per cent. Percival (1921) concludes that many so-called sports 
in wheat originated as natural hybrids. 

« Barley, — Bailey frequently is self-fertilized while the spike is in the 
sheath. In some varieties of six-rowed barley the lateral rows overlap 
in such a way as to form a single row instead of two rows at each edge 
of the rachis, as in the other six-rowed varieties. Fruwirth (1909) 
observed natural crosses in six-row<Kl baiieys and concluded there was 
practically no crossing in six-rowed forms. He records the observations 
of Rimpau, Who noted only eight suspected natural crosses in barley 
after growing 40 varieties side by side for a period of eight years. Hailan, 
after several years’ observation at University Farm, Minn., noted only 
two or three natural crosses. Barley probably, therefore, crosses much 
less frequently than does wheat. 

Oats.— The form of the individual flower of oats is veiy similar to 
that of wheat and bai-ley. Tschermak (1901) reports four natural crosses 
observed by Rimpau, and Fruwirth (1909) records five or six crosses 
observed by Rimpau after cultivating 19 varieties side by side for eight 
years. A natural cross between a- variety of Avena sterilis and A. nuda 
was noted by Pridhana in 1916. 

Results of recent experiments by Stanton and Coffman (1924) 
give accurate information as to the amount of crossing which occurred 
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in 1922 between varieties of oats grown in adjacent row plots at Akron, 
Colo. They grew black- and white-grained varieties m alternate rows 
and made a determination of the percentage of natural crossing where 
white-grained plants were the mother variety and where they were 
naturally pollinated with pollen from black vaiietios. It was found 
that varieties differed considerably in this respect as the number of 
aberrant types which were found in lowar as a result of natural crossing 
was 0.97 per cent, while the aberrant types in throe other varieties varied 
from 0.10 to 0.33 per cent. Stanton and Coffman mentioned the fact 
that Livermore, of Cornell University, conducted a similar test at Ithaca, 
N. Y. His results indicated that natural crossing did occur but the actual 
extent of its occurrence was not determined. 

Griffec and Hayes (1925) studied natural crossing in oats at Univer- 
sity Farm, St. Paul, Minn., by growing black- and white-grained varie- 
ties, which flowered at approximately the same time, in alternate rows. 
The extent of natural crossing for the years 1921 and 1922 varied with the 
yanety. The percentage of aberrant types ranged from 0.04 per cent 
in Victory to 1.4 per cent in Kanota. It appears reasonable to conclude 
that natural cros.siiig is at least twice as great as indicated by the off typos 
which were observed. The extent of cros,sing in Kanota is sufficient to 
emphasize the necessity of roguing varieties grown in adjacent plots if 
they are to bo kept pure. 

Tobacco. In the tobacco plant the flowers are frequently visited by 
insects and some natural crossing doubtless takes place. As a rule, 
only one variety of tobacco is grown in a locality. Howard and others 
(19106, c), in India, concluded that there is between 2 and 3 per cent 
crossing in tobacco. They emphasize the necessity of producing arti- 
fically self-fertilized seed. In breeding experiments, artifically selfed 
seed is generally used .and, therefore, few records regarding the degree of 
cross-pollination arc available. As it is so easy artiflcally to self-poUinate 
tobacco and as each flower produces many seeds (98,910 seeds per plant; 
Jenkine, 1914) the amount of natural cross-pollination is of little breeding 
im^tance. 

P Rice.— In rice tho inflorescence is a terminal panicle of perfect flowers. 
The ono-floworod spikclet has a branched stigma and six stamens. The 
lodiculcs are strongly developed. Fruwirth (1909) observed tho period 
of blooming in rice and found that 30 seconds elapsed from the time one 
flower began to open until it was fully open. Dehiscence of the anthers 
occurred about 7 minutes later and the flower closed 3 hours afterwards. 

Jones (1924) has reviewed the literature of the time of blooming of 
rice flowers. In some countries blooming occura before 10 a.ra., while 
in California, Jones noted that threo-fourtKs of tho rice flowers observed 
bloomed between 12 m. and 2 p.ra. and a greater proportion of the flowers 
bloomed between 2 and 4 p.m. than before 12 m. 
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In rieo, self-pollination is the usual method, although opportunities 
for crossing occur. Hector (1913) tliinks crosses may occur at a distance 
of not more than 2 feet by the agency of the wind. In lower Bengal 4 
per cent of crossing was estimated. Ikeno (1914) observed no cases of 
xenia in 15,000 kernels from 190 families which were examined, although 
adjacent rows were planted to such varieties that the immediate effects 
of cross-pollination could be observed. When common rice seeds are 
treated with iodine, the starch grains arc stained blue while glutinous 
rice shows a red color when similarly treated. Xenia occui's, blue color 
being dominant over rod, when glutinous rice is pollinated by common 
and the iodine test applied. Fifteen thousand kernels from 190 panicles 
were examined and no Xenia was found. Thomp.stono (1915), in upper 
Burma, finds that pollination usually occurs before the glumes open; 
however, hybiids w(‘re fr<>qu(mt.ly obseiwcid in fields of ordinary lice. 
Parnell and otlun’s (1917) obs('rv('d the amount of natural crossing in 
pure green [)lant s sun-ounded by ot hers which possessed seed with a purple 
tip. A tol.al progeny of nearly 15,000 plants grown from seed produced 
by the gretm i)lant.s were; observed, more than 2,000 plants being studied 
in each of five <lilf<‘r<‘nl. families. The percentage of crossing varied 
from 0.1 per o<‘nt, in on(( variety to 2.9 per cent in another. Alkomine 
(1914) states that cross-pollin.ation occurs if the anthers, on account of 
unfavorabki (mvironmental conditions, do not assume their natural posi- 
tion. This happcuis wluui tlie stigmas protrude from the glumes and take 
a pencUmt position before anther dehiscence takes place. Suzuta and 
Tomura (1925) <)bs(U’ved 0.9 to 1.46 per cent of hybrids in varieties of 
lowland rice grown in adjaeemt rows. 

Peas and Beans. — Pipetr (1912) finds that natural crossing in the cow- 
pea occurs but; rarely in most localities. At Arlington I’arm, in the 
exixiriiruuital plots, instance's of nal.ural crossing have been observed. 
In some ins(ranc<ts, natural crossing occurs more frequently. Thus, an 
Indiana fanner, wlut originally grew only eight varieties, found after 
several years that h(( had over 40 types. The new typos, Piper concluded, 
were tin* result, of natural crosses. Simihu" crosses have been observed at 
the Michigan iStat,ion. Ihuiand (1919) has recorded a supposed cfise of a 
natural cross %vhich occurrcfd in one of his hybrid cowpea families. 

Natural hybrids of soylxians have been observed at the United States 
Expcrim(‘nf.al Farm in Virginia and also at the Kansas Experiment Sta- 
tion (Piper, 1910). They were detected by the peculiar color of their 
seed. Woodworth (1922), by alternating plants of different varieties, 
conelud<id that there was 0.10 per cent of natural crossing in the soybean 
varieties studied. At the West Virginia experiment station (Garber and 
Odland, 1920) the extent of natural crossing which produced contamina- 
tion between varieties grown in rows 30 inches apart waa 0.14 of 1 
per cent in 1922 and 0.36 of 1 per cent in 1923. 
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Although horticultm’ul peas and beans are largely self-pollinat.ed, 
cross-pollination does occasionally^ occur. Howard and others (lOlOri) 
give observations in India which indicate natural crosses both in garden 
and field peas. 

Tomatoes. — Jones (19l(>) planted alternate plants of dwail and 
standard varieties of tomatoes 3 feet apart in a field. Seed from the 
dwarfs was tested the following year. As standard habit is a dominant 
character, pollen from a standard plant fertilizing a dwarf would give a 
standard in 

A total of 2,170 plants were grown from seed of dwarfs and 43 proved 
to be standards. This is practically 2 per cent. As there was nearly as 
great opportunity for dwarfs to be crossed with dwarf pollen, it would 
seem that bcd.ween 3 and 4 per cent of crossing occurred in this 
experiment. 

Lesley (1924) in a similar experiment conducted at the (<itrus Experi- 
ment Station, Riv(Tside, Calif., obtained 4.9 per cent cross-fiu’tilization 
for the varkd.y Magnus and 0 59 per cent for Dwarf Champion. He 
concluded that there was a varied al diffenmee. 

OFTEN CROSS-POLLINATED PLANTS 

C(irtain crops, as has been notinl, au^ usually self-pollinat.od and other 
crops are normally cross-])ollinat.ed. There are, however, numerous 
crops in which there is a relatively high percentage of self-pollination 
and in which cross-pollination is also rathei* frequent. These crops can 
be bred in the same manner a.s sedf-fertilized crops ))ut some method of 
isolation must, be iis<‘d Lo insurer self-pollination. The most import.ant 
crops which are discussed hen‘ ar(^ grain sorghums, cotton, alfalfa, white 
sweet clover, and certain of tlu^ grassc^s. 

Grain Sorghums. — Ball (1910) states: 

All sorghunis are adaphsd to f>pcn or wind pollination and most of them arc 
probably adapted to self-fertilization. In adjacent rows of difforeut varieties 
flowering on approxiinatiily this same date, as high as 50 per <‘cnt of the seed pro- 
duced by the leeward row was found to be cross-polli tinted. It is jtrobable that in * 
a fairly uniform field of any given variety a similar percentage of natural crosssing 
takes place* 

Graham (1916), in India, made a careful study of the amount of 
cross-fertilization in the Juar plant {A mlropogon sorghum Brot.). Cross- 
ing was more frequent in the looser types of inflorescence than in the 
compact typos. Single-plant cultures wavo used for the study, which 
extended over a pcuiod of 7 years. The percentage of crossing obtained 
by counting a given number of plants and noting those which were untrue 
to type gave 97 plant.s out of 1,577 (6 per cent) in the loose-headed typo 
and only two plants out of 292 (0.0 per cent) in the compact type of 
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panicle. Preliminary studios were made by Karper and Conner (1919) 
of the amount of cross-pollination in plants of white milo which were 
found growing in a ])l(d. of yellow milo. The yellow and white varieties 
flowered simultaneously. 1^'orty-one heads of white milo which had been 
surrounded by yellow milo wen^ planted the following year. An average 
of 6 per cent of natural crossing in plants so surrounded was noted. 

Sicglinger (1921) observed the extent of cross-pollination at the 
Woodward Field St-af.ion, in 1919, between adjoining rows of standard 
yellow and simidard white milo. The two varieties differ only in seed 
color. Th(i progeny of the whit.e milo plants were grown and 270 yellow- 
seeded plants wer(^ observed in a total of 5,125 which indicatcKl 6.38 
per cent of the white milo was fertilized by pollen of the yellow-seceded 
vai’iety. Swanson (1923) st udied the freepumey of cross-pollination in the 
F% generation of cross(cs of f(ct(‘rita X Red Aml)er in which segregation 
for midvein colon was obt.airK‘d. Whit(c midvein is dominant to dull 
grey and one factor difr(U’(ui(*,<‘ is involved. Grey midvein plants should 
breed tnuc in if s(df-j)ol I i nation is tJie rule. An Fa progemy of grey mid- 
vein Fa plants was studi(‘d and 2,81() producc^d grey midveins and 597 
produced white midvtcius. Thus 17.48 per cent of the plants were off 
types and nesuit^i'd from cross-pollination. 

Cotton.— B(ccatis<c of tlio rather wide diffei-encos in the frequency 
of cross-pollinat-iou observed by diffor<uit investigators, it appears that 
varietal diff(cr(cn<}<cs arc one probable causcc for the discrepancies. 

Leake (1911) observed 5 p<ir cent of natural crossing in India; Webber, 
as a result of st.udi<'s in southeastorn staUcs, concluded that ordinarily 
5 to 10 p(cr (c(cnt of t.lie see<ls are the rcvsult of cross-pollination; while 
Balls (1912) found that, in a fi<4d of Egyptian cotton 0 to 10 per cent of 
plants which riwult-ed from cross-fertilization were obtained. 

Kearnc^y (1923) has r(tvi<nv(Hl much of tlie lit.(^rature of the extent of 
natural cross-pollination in cot (.on and has presen (;ed new evidence. He 
says: 

The three ])rincii«d types of cotton grown in the United States, upland, sea 
’island, and hlgyptian, although very different in their botanical characters, inter- 
cross rcitdily. 

Kearney finds that wlum two varieties are grown in close proximity and 
whore pollinating insects are abundant, that the proportion of natural 
hybrids seldom (ixceeds 20 per cent and is often much lower. Upland 
cotton produc(?s more natural hybrids than ligyptian. 

Alfalfa.~Pip(n* and others (1914) working with alfalfa have found 
about the same percentages of seed set when a flower was self-pollinated 
as when it was erossod with pollen from flowers on the same plant. When 
cross-pollination was practiced, approximately 60 p<^r cent more seed was 
obtained than from self-fertilization. They also found that pollen of 
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Medicago falcata was as efficient in fertilizing M. saliva as pollen from 
other sahva plants 

Waldron (1919), in North Dakota, planted together in equal numbers 
two species of Medicago^ saliva and Jalcata Seeds from each of the 
species were planted the following year and the number of hybrids noted 
From M. falcata 42.7 per cent of hybrid plants were obtained and from 
the if. saliva seed about 7.5 per cent. A part of the difference in the 
results is doubtless due to the fact that the falcata plants produce a smaller 
number of flowers and are procumbent to prostrate m habit. 

White Sweet Clover, Mehloliis Alha , — There is some difference of 
opinion regarding the extent of cross- and self-fertilization in white sweet 
clover. Coe and Martin (1920) state that Kirchner and Kerncr find that 
self-pollinalion g<merally occurs and that cross-pollination is not necessary 
for the production of seed. In experiments performed by Coe and Martin, 
individual racemes were covered with cheesecloih to pl*otoct them from 
insect pollination and seed setting was compared with unpiotected 
racemes. The studies were carrk^d on at Ames, Iowa, and Arlington, Va., 
and in both cases the pcrctmtagos of flowers that set seed were very low 
on covered racemc^s, av<u*aging 2.9 per cent, while 09.51 per cent of the 
flowers of unproteckKl racemes set seed. 

h]lders (1925) carried on a similar study at University Farm, St. 
Paul, Minn, The racemes were covered with parchment paper bags 
and seed sotting compared with that on uncovered racemes. White 
sweet clover set seed readily under fhoso conditions. Jvirk (19256) 
enclosed raccunes of whif-(^ sweet clovta* in cotton cages, lie obtained 
an average of 34 91 pods per raceme when enclosed in cages as compared 
with GO. 43 pods per raceme for open-pollinated plants. Kirk says: 

Mdiloim nlba is highly , self-fertile and will set seed freely without the visitation 
of insects. Solf-f(irtilizatioii may he the rule, but not necessarily so, under field 
eoiiditions in Saskatchewan. 

Grasses. — Certain of the grasses are highly self-fertile under condi- 
tions of isolation while other grasses are self-sterile or partially so. As 
little data are available by which to determine Ike extent of cross- or 
self-fertilization under normal field conditions, it seems best to treat all 
grasses considere^d at one time. 

Certain of ihe^ crops discussed in the naturally cross-pollinated group 
may belong to the naturally sclfed or often cross-pollinated group. 

NATURALLY CROSS-POLLINATED PLANTS 

Maize. — Maize has been placed at the head of the cross-pollinated 
group, as crossing is its normal form of rcproductiori. Fruwirth (1909) 
found ,a setting of 24 per cent in unenclosed corn plants when far enough 
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from Other plants to prevent crossing. Knuth (1909), in similar experi- 
ments, found 16 per cent solfing on the upper ear and 4 per cent on the 
lower. Preliminary experiments have been made by planting corn with 
a recessive endosperm color in a field of a variety with a dominant endo- 
sperm character. Self-fertilization in those experiments was pi-obably 
less than 5 per cent (Waller, 1917; Hayes, 1918&). 

Kiesselbach (1922) conducted careful studios of the extent of cross- 
pollination of 40 plants of white dent distributed in a field of yellow dent. 
Only 0.7 per cent of the kernels were actually solfcd under natural field 
conditions. 

Rye-— The flowers of rye are very similar to those of wheat and bar- 
ley. According to Hildebrand the anthei-s project between the partly 
closed glumes until the bases protrude. They then tip over and dehisce, 
spilling part of the pollen out side the flower. Bei ng lower than the stigma 
the pollen cannot reach the stigma of the same flower. Thei’o is some 
evidence (Ulrich, 1902; Fruwirth, 1909) which indicates that the rye 
flower is self-sterile, bxit that the .spikelet is not noce.ssarily so. Studies 
by Brewbakcr prove that one individual floi'et can j)i‘oduco seed when 
self-fertilized. 

Heribert Nilsson (1916, 1919) isolated lines of Petkuscr which were 
highly sclf-ssterile. Approximately 1 or 2 lines out of every 100 tested 
proved self-fertile. 

A waxless rye, which can be easily distinguished from normal rye by 
the bright-green color of the leaves and stem and which behaves as a 
simple Mendelian recessive to normal, was used as an indicator of the 
extent of cross-pollination. Single waxle.ss plants planted at a distance 
of approximately 60 meters from a 3,5(X)-.square meter plot of normal rye 
showed vicinism to the extent of 54.4 per cent while a plot of twenty 
waxless plants at the same distance from the plot of normal plants were 
cross-polb’nated to an extent of 37.3 per cent. 

Clovers.— It has been pointed out that white sweet clover, Melilotm 
alba, sots seed freely under conditions of self-pollination. Elders (1925) 
and Kirk (1925) find thsit yellow sweet clover, McUlotm officinalis, set 
very little seed in racemes enclosed in cotton or parchment covers and 
Elders found that Hubam sweet clover, Melilotus alba annua, reacted in a 
similar manner to yellow sweet clover. 

Fergus (1922) and Kirk (1925a) artificially self-pollinated heads of 
red clover. The method consisted of bagging the heads singly, just as 
the petals wore beginning to show. After 48 to 60 hours the bags were 
removed and heads rolled gently botwexm the thumb and fingers. The 
conclusion was reached that some lines were highly self-fertile. W illiama 
(1925) believes rod clover to be self-fertile to a slight extent and agrees 
with Fergus and Kirk that the degree of self-sterility varies with differ- 
ent plants. Williams, however, concludes that owing to the smy in 
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amount of seed set undei' conditions of sclf-polU nation that the method is 
not practical for the breeder of red clover. 

Sunflowers. — li. was believed formerly that sunflowers were solf- 
sterile. Hamilton (1926) reports that some strains are highly self-fortilc 
although the extent of cross- or self-fertilization under normal conditions 
is unknown. 

Grasses. — Some studies with grasses have been reported by Frand- 
sen (1917). Eesults obtained are given in Table XXIX Some sterility 
ivS indicated by comparing the results of self-fertilization with those of 
cross-fertilization and nai.ural pollination. Poa Jertilis and Bromus 
arventiis appear self-forlile. Considerable sclf-sterility is indicated in 
orchard grass, timothy, and fescue. 

Taijle XXIX. — Pollination of Guasses * 


Common nunus 

name 

P(‘imitafi;c seed setting 

Bell- 

fertilizing 

Cross- 

fertilizing 

floweriiig 

Orchard 

Dad ijha glo m crafa 

1 ;)-n T) 

4 3-75 8 

50 0 

Tall in('adow oat 

Arrhcnathernm eLatiun 

5,4- 9 4 

47 9 

51 0 

Fescue 

E(\siuca p'aiefhsza 

3 (i- 0 2 

17.8-54 0 

:}5 2-47 7 

Meadow fo\t.ail 

Alopcctirua patetma 

7 0-23 3 

29 0-09.5 

73 2 

Italian rye 

Lohim mulUjlorum. 

10 3 

.... 

79.8 

Timothy., . 

Phlcum pratemiis 

0 8-85 

52 0 

91 3 


Poa ferlilis 

50.7-00 8 

03 5-05 5 

70 4 

Broino 

Bro/mis 

06 0-80.0 

80 4 

77 2-89 2 


For several yc^ars pollination studies have been conducted at Univer- 
sity Farm, St. Paul, Minn., with several grasses. The work was origi- 
nally undertaken by a graduate student whostarted the study at Winnipeg 
under the direction of Prof. W. Southworth. The percentage of seed 
sotting is presented in the following table: 

Table XXX,— Comparison of Bemo Betttno in Gaoes and of tub Same Plant 

When Exposed 


(irasses 

Beed set per panicle 

Bagged 

Exposed 

Agropyron lenerum (slender wh(^at) 

34.28 

55 61 

Dactylis glomcrata (orchard) 

22.83 

93.28 

Festura pratenm (meadow fcjscuo) 

13 04 

64 54 

Agrostia aiohni/era (red top) .... 

145.58 

524 92 

Bromu$ tnermU (bronie) 

5.25 

61.04 


During the years 1923 to 1925, inclusive, grasses were started in the 
greenhouse and individual plants isolated by space isolation in the small 
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grain nursery. Seed setting was compared with that obtained from 
consisting of several plants. The plan was changed in 1924 and individual 
plants of both high and low seed-setting lines were selected. 

Table XXXI. — Comparison oe Seed Setting xtnder Self-fertilization (uy 
Isolation) and under Cross-pollination Conditions 


Species 

Percentage 
seed settinR 

PorcentaRe f 
h 

lino | 

}e(‘d settin^;, 
related 

JjOw lines 

Expo.'.ed 

Per cent 
' setting 
1924 
parent 

Per cent 
progeny 

Per etnit 
setting 
1924 
parent 

Per cent 
proKcniy 

Isolated | 

Exposed 1 

Agropyron tencru^n 

51.8 

51.8 

06.0 

50.2 

33.0 

55.9 

57.7 

Dactylis glomerafa 

0.1 

28.7 

7.0 

10.7 

0.5 

14.5 

0.1 

Festuca pratensis 

2.3 

16.2 

5.3 

11. 8 

0.2 

0.6 

10.8 

A grostis stolo riij era 

4.8 

38.7 

21.0 

1.3 

0.4 

0.8 

0.8 

Bromus inmnis 

15.4 

34.7 

61 .0 

6.0 

1.1 

1.5 

2.4 


The numbers of plants used were small, approximately six plants for 
each group being used each year. Agropyon ienerum appears self- 
fertile and there is some indication that lines differing in ability to set 
seed can be isolated in the other grasses. 

With timothy, .sufficient seed is obtained from heads enclosed in 
parchment paper bags so that self-fertilization can be used in breeding 
work. Some linos, however, are highly self-sterile and others highly self- 
fertile (Hayes and Barker, 1922; Hayes and Clark, 1925). 

BKECIOUS PLANTS 

Some of the most important dioecious plants are hops, hemp, date 
palm, spinach, and asparagus. Those plants are always cross-pollinated 
and may be handled by the breeder in the same manner as self-sterilo 
plants of the cross-pollinated group. 

EFFECTS OF A CROSS IN NORMALLY SELF-FERTILIZEB SPECIES 

A cross between closely related varieties frequently exhibits a quite 
marked increase in vigor when compared with the parents. This is a 
manifestation of the same phenomenon as decrease in vigor wliich is 
commonly the result of self-fertilizing a naturally cross-fertilized species. 
With self-fertilized crops it is usually not possible to utilize this increased 
vigor because the coksI of producing crossed seed is too great. Examples 
of Fi crosses in tomato, tobacco, and wheat will be given. 

Table XXXII gives the comparative yields of first generation tobacco 
crosses and their parents. All crosses do not prove equally vigorous and 
a few give no increase as compared with the parental average. In general, 
however, the crosses show increased yields. As the tobacco flower 
produces many seeds, Houser (1912) believes the extra cost of production 
would not be prohibitive. Before this plan can be adopted commercially. 
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extensive studies arc needed to determine the value of particular Fx 
tobacco crosses. 


Table XXXII. — Relation op Yield per Acre between First Generation 
Hybrid Tobacco a.nd the Parent Plants 


Average yield of parents, 
pounds 

Average increase of hybrid 
over paients, pounds 

Maximum increase of hy brid 
over paients, pounds 

800- 900 

260 

485 

901-1,000 

212 

464 

1,001-1,100 

185 

354 

1,101-1,200 

153 

315 

1,201-1,300 

153 

285 

1,301-1,400 

159 

239 

over 1,400 

156 

189 


Difference in yndd of 
parents 

Average incn'ascs of hybrid 
over par(‘nts, poun<ls 

Maximum inesrease of hybnd 
over parents, pounds 

1- 100 

197 

485 

101-200 

131 

181 

201 -300 

ISO 

2(i0 

30MOO 

97 

360 

401-500 

164 

215 

over 500 

175 

465 


The Vigor of F\ tomato crosses has received some study. The iBlrst 
extensive tost was made by Wellington (1912) at the Geneva (New York) 
Station. A 3-yciir test was made under field conditions of a cross between 
Dwarf Aristocrat, a dwarf tomato, and Livingston Stone. Yields of the 
parents, the Fi, and the F^^ generations, are given. 

Table XXXIII. — Yields of Fruit in the Fi and F% Generations of a Cross 
BETWEEN Dwarf Aristocrat and Livinoston Stone with the Parents 




1 

Dwarf 

Livingston 

^1, 

pounds 

pounds 

Data taken 

Year 

Aristocrat, 

pounds 

Stone, 

pounds 

Ripe fruit per plant. 

1908 

8.5 

12 3 

13 0 


Ripe fruit per plant. 

1909 

6 J 

to 1 

12.9 

12 0 

Ripe fruit per plant 

1910 

7 0 

12 0 

13 2 

10 0 

Average 


7 2 

11.5 

13 3 

11 0 

Total fruit per plant 

1908 

. 14.8 

20 9 

25 3 


Total fruit piT plant. . 

1909 

9.7 

17,7 

20 0 

20 0 

Total fruit per plant 

1910 

14.8 

24.7 

27 7 

25.1 

Average 

.... 

13.1 

21,1 

24 3 

22.6 


Not so much interest is placed at the present time in the commercial 
value of such crosses as in the development of the principle involved* 
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Wellington believes the above cross of sufficient value to more than pay 
for the cost of producing crossed seed. 

Similar results were obtained at the Connecticut Station in a cross 
between Stone and Dwarf Champion tomatoes. The experiment was 
carried on for 4 years (Hayes and Jones, 1916). The lowest increase in 
yield over the better parent was 11 per cent and the highest 17 per cent. 
The cross averaged 15 per cent more fruit by weight than the better 
parent. 

In average weight of fruit, the cross exceeded the parental average by 
8 per cent. It approached the fruit number of the Dwarf Champion 
parent and exceeded the average fruit number of the parents by 8 per 
cent. The cross also matured somewhat earlier than the early parent. 
A cross between the standard varieties, Lorillard and Best of All, was also 
studied. The parents produced about the same average size and weight 
of fruit and the cross about the same as the parents. 

A determination of the comparative vigor of Fi wheat crosses and 
their parents was made by Fred Griffee (1921). For this purpose 
pure lines of T. durum, T. dicoccum, and T. compactum were crossed with 
pure-line vaiieties of T. vulgare. Intervarietal crosses between pure lines 
of T, vulgare were also studied, as well as crosses between T. compactum 
with T, durmn and T. dicoccum. 

A determination of the immediate effect of foreign pollen on size of 
seed was made. * Parental plants were emasculated and then some of the 
spikes were artificially pollinated with pollen from other plants of the 
same pure line (incrossed seed) and, in another series, spikes were polli- 
nated with pollen from another variety or species (crossed seed). Only 
those crosses were compared in which the average date of pollination was 
about the same for the incrossed and crossed seed. Results are pre- 
sented in the following table: 


Table XXXIV. — Weight op Seed of Incbosbbd Parents Compared with Weight 

OF THE Immediate Cross 



9 

' Parent 

Cross 

Difference 





1 

Name of cross 

Num- 

Average 

Num- 

Average 

cross-female 


her of 

weight seed, 

her of 

weight seed, 

parent 


seeds 

milligrams 

seeds 

milligrams 


Marquis X Velvet Chaff, . . 

38 

12.6±0.6 

48 

15.6±0.5 

+3.0±0.7 

Marquis X Penny 

38 

12.6±0.6 

24 

20.2±1.0 

+7.6±1,1 

Haynes Bluestem X Mar- 






quis 

49 

17.2±0.8 

26 

23.6±0.7 

4‘6.3±1.1 

Little Club X Marquis 

39 

10.1±0.5 

50 

9.4±0.3 

-0.7±0.6 

Emmer X Velvet Chaff 

44 

26.4±0.8 

24 

27.1±1.3 

+0,7±1,5 

Velvet Chaff X Mindum.. , 

104 

19.9±0.6 

23 

15.9±0.6 

-4.0±0.8 

Emmer X Little Club 

44 

26.4±0.8 

15 

25.0±1.2 

-1,4±1.4 
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All throe crosses between varieties of T. vulgare gave increases over 
incrossed seed. These appear significant in relation to the computed 
probable errors. Of the crosses between wheat species only one gave a 
difterence which appears at all significant. In the cross between Velvet 
Chaff and Mindum the incrossed seed seems somewhat heavier in the 
light of the probable error than the crossed seed. These results show an 
immediate effect of pollination on seed size in crosses between varieties 
of T. vulgare. 

The emasculation and artificial pollination causes a reduction in 
seed size as compared with normally produced seed. Incrossed, normally 
produced seed and crossed seed were grown in the greenhouse under 
controlled conditions and the comparative vigor of parents and crosses 
was dot^ermined. As there wore no significant correlations bc^tween size 
of seed planted (even when incrossed seed was compared with normal 
seed) and resultant plant vigor, t.he differences betweesn the parents and 
crosses may 1)0 explaitK‘d on the basis of inheritance. 

Average yield of plant, s in grams of seed will bo used as a mciasure of 
vigor (see Table XXXV). 


TAiiLn XXXV -A\RitAfjK Yield per Plant op Ft Wheat Ciiosses and Tirioru 

Parents 


Nanu‘ of one 
purent 

Num- 
ber of 
ludi- 
vidunls 

grunih 

Nanio of 
other parent 

Num- 
b(T of 
indi- 
viduals 

Yield, 

graum 

Av(*rage 

weiftlK 

parents, 

Rrants 

Cro 

Number 
of indi- 
viduals 

'SS 

Yield, 

giuins 

2 7 

a a 

2 5 

2 9 
2.8 
2.5 

2 .3 

2 r> 

2 7 

Marquxfi 

Mar<iuift 

Vclvot CliafT 

Volvot Chalf 

P(*nny 

niucHtria 

Marquifi 

Vclvot Chaff. . 

ir> 

ir> 

HS 

3H 

m 

17 

ir> 

1 U 

1 0 

1 . 5 

1 r> 

2 4 

2 i 
1.1) 

I 5 

I’(*nny 

HoIm 

Penny . . 

HobH 

Hobs 

Mar<ims 

Little Club 
Littl(‘ Club 

ao 

50 

36 

51) 

5!) 

15 

46 

46 

2 t 

a 0 

2 1 
a 0 

3 0 

1 9 

2 2 

2 2 

2 2 

2 

2 0 

2 3 
2.7 

2 3 

2 1 
1.0 

18 

<>5 

28 

1)2 

23 

18 

45 

37 

Avorage . , 

30 

1 1) 


45 



41 

lattlo CJlub. 

40 

2 2 

lOmmer . . 

48 

1 1 

3 7 

q 

0 a 

Littlp Club 

40 

2 2 

Mnuiuin 

40 

2 1 


1 

1 ,0 

Marquifi . . 

15 

1 1) 

Mmdum 

41) 

2 1 

2 J) 

la 

0 , 3 

Volvot Chaff 

as 

1 5 

IVTindutn . 

41) 

2 1 

1 8 


l. L 

Velvet Chaff. . . 

as 

1.5 

ICmintT . 

' 48 

1.1 

3 a 

23 

0 5 

Marquw . ... 

15 

1 0 

lOmrnei . 

4S 

1 1 

1 5 

IS 

0.0 

Average ... , 

aii 

J.O 


i 11) 

1,6 

1 8 

12 

0 0 


The crosaCH between varieties of T. vulgare and the crosses between 
T. vulgare and T. compadum gave in every case slightly greater yields 
per plant than the average of the parents. On the other hand crosses 
between durum or ommer varieties and varieties of common or club 
wheats were all significantly lower in yield than the parents. The low 
yields of these species crosses are duo in a lai^ measure to sterility for 
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there was an appreciably smaller setting of seeds in the crosses than in 
their parents. 

Crosses between distinct species of self-fertilized plants have been 
carefully studied in the tobacco genus,- Nicotiana. Results obtained 
may be summed up as follows (East and Hayes, 1912); 

{a) plants so different that they will not cross; {h) crosses that produce seed 
that contain no proper embryo; (c) crosses that produce seed wdth embryo, but 
which go no further than the resting stage of the seed; {d) crosses less vigorous 
than either parent; (c) crosses more vigorous than the average of the parents; and 
(/) crosses more vigorous than either parent. 

Apparently in wide crosses the normal physiological processes arc 
interfered with. The statement is frequently made that this is due to 
lack of compatibility between the parents. Incompatibility is corre- 
lated apparently with cliff erv'^nces in hereditary qualifies which are in 
turn dependent upon differences in numbers or quality of chromosomes 
or both, 

EFFECTS OF ARTIFICIAL SELF-FERTILIZATION AND CROSS-FERTILIZA- 
TION IN OFTEN CROSS-POLLINATED PLANTS 

The Fi crosses between sorghums of the various classes, such as 
kafirs, milos, or feteritas, wore found to exhibit c^xtraordi nary h vbri d 
Vigor7 while crosses within a class, f.c,, an Fi cross between two varieties 
of milo, showed little or no hybrid vigor (Connor and Karper, 1923). 
The same writers (1924) found that kafir could be inbred for many 
years without loss of vigor which they staf e gives the breeder of sorghums 
an unusual opportunity to establish and distribute highly productive 
lines. Kearney (1923) has presonfed similar results for Pima cotton. 
Strict inbreeding by artificial self-fertilization during five to seven gen- 
erations caused no reduction in vigor. Kearney says: 

The inbred families were not infoiior to the continuously open-pollinated 
stocks in viability of the p<jllen; number of ovules; daily flower production; per- 
centage of bolls retained; size, weight, and seed content of the bolls; weiglit and 
viability of the seeds; and abundance of fiber. 

Prom these conclusions it appears that members of the ''often cross- 
pollinated group can be bred in the same manner as self-fertilized 
crops except that some method of controlling cross-pollination and insur- 
ing self-fertilization must be used. 

EFFECTS OF SELF-FERTILIZATION IN NORMALLY CROSS-FERTILIZED 

PLANTS 

This subject will be studied in relation to the specific outline for breed- 
ing some normally cross-fertilized plants, such as maize and rye. A few 
data will be presented in order to illustrate the general results. The 
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theoretical explanation is given, as an appreciation of these phenomena i.^ 
essential in obtaining a correct plant-breeding perspecfive. 

The most extensive studies made have been those with maize. As Ihi? 
crop is almost entirely cross-pollinated under natural fiohl conditions 
it is an admirable one to contrast wit-h self-fertilized planis. Table 
XXXVI presents differences in yield and height obtained at- th(^ Connocti 
cut Station with four self-fertilized strains of Learning Dent. These 
strains were grown only in small plots, th(‘r(‘fore djffca'onccss are onl} 
indicative of the general results which may bo expected. Caresses bet weer 
individual plants within a strain that had bc^on selfed <> or 7 years, were 
not appreciably more vigorous than the progeny of self-f(‘rtilized seed 
These strains also differ m other characters, such as shape of eur, width oi 
leaf, and color in various organs. One strain of Leammg Dcmt No, 1-12 
was self-fertilized for about 7 years. It producc^d w(dl-(levelopod tnsseli- 
bur few cars and was eventually lost. 


Table XXXVI. — The Kffect of lNBitEKi>iN(f ovthe Viioi.d vnd Hekihtof Mmzf 



Prom those and other results (Joints, 1018) it is appanmt that- selfing 
in maize produces: 

J. Strains whicjh cannot be jicrpctuatcd. 

2. Strains whicli can bo perpetuated only with di0i(uilty> 

3. Strains which exhibit normal development but vary in amount of growth 
attained. 
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Whether selfcd strains of maize can be obtained which yield as much 
as normal varieties is an unanswered question. Strains of timothy which 
have been selfed for 3 years at University Farm have yielded as well and 
are more uniform than commercial varieties. Similar results have been 
obtained by McRostie (1924), and Hamilton (1926) has recorded strains 
of sunflowers which have been selfed for 5 years and which are as vigorous 
or more so than commercial varieties. 

EXPLANATION OF HYBRID VIGORS 

The studies of the early hybridizers, Koelreuter, Giirtncr, Knight, 
and others, gave results which can be summed up in a single sentence as 
follows (East and Hayes, 1912) : 

Crosses between varieties or between species often give hybrids with a greater 
vegetative vigor than is possessed by either parent. 

Darwin made extended and careful studies of the effect of cross- and 
self-fertilization in plants. He conclusively proved that, in general, there 
is an advantage in cross-fertilization. While he noted some self-fertilized 
families he believed these would eventually perish. Lacking as he did a 
knowledge of Mendelian phenomena it was impossible for Darwin to 
develop as logical an explanation of these results as exists today. Darwin 
thought the results could best be explained by the nature of the sexual 
elements rather than in the act of crossing. 

Several explanations of hybrid vigor have been advanced since the 
rediscovery of MendePs law. In all easels heterozygosis has received 
a major place in the explanation. The results of these studies have been 
summed up as follows (East and Hayes, 1912): 

1. The decrease in vigor due to inbreeding naturally cross-fertilized species 
and the increase in vigor due to crossing naturally self-fertilized species are mani- 
festations of one phenomenon. This phenomenon is heterozygosis. Cross- 
ing produces heterozygosis in all characters l^y which the parent plants differ. 
Inbreeding tends to ])roduce homozygosis automatically. 

2. The phenomenon exists and is, in fact, widespread in the vegetable 
kingdom. 

3. Inbreeding is not injurious in itself, biit weak tyi)es kept in exist(uice in a 
cross-fertilized species through heterozygosis may be isolated by its means. Weak 
types appear in self-fertilized species, but arc eliminated because they must stand 
or fall by their own merits. 

Biologists commonly believe that internal or external agencies do 
occasionally modify the germ plasm. It is also commonly accepted that 
somatic modifications do not impress themselves upon the germ plasm. 

^ A recent monograph by East and Jontms (1919) presents in a clear and concise 
way the effects of inbreeding and cross-breeding in the light of modem theories of 
genetics. This publ icati pn has been used very freely in this section. 
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From the facts of segregation, as explained by the Mendelian law, and 
the acceptance of the theory of factor stability, what may be expected in 
self-pollinating a naturally cross-fertilized plant, such as corn, or what 
will result in later generations after making a cross in naturally self- 
fertilized plants, may be considered next. 

Several slightly different formulae have been advanced to show the 
theoretical expectation. The simplest formula for the percentage of 
homozygous types in any generation following a cross between different 

( 2« — l\>“ 

■ 2,. J • formula n is the number of segregating 


generations which has elapsed since the cross was made and m is the 
•number -of separately inherited allelomorphic pairs of factors involved. 
In self-fertilized organisms this would not absolut(>ly hold unless all the 
progeny of each genotype were equally productive numerically. 

If linkage is involved tliis modifies the numbers of homozygous 
individuals of the different classes but the percentage of homozygosis is 
the same as for independent Mendelian inherit, ance (Wright, 1921).*^ 

In artificially self-pollinating naturally cross-pollinated plants, such 
as corn, it is theoretically possible to select a completely heterozygous 
individual in each generation for self-fertilization and thus obtain no 
reduction in heterozygosis. Jones (1919) has worked out theoretical, 
curves for 1, S, 10, and 15 allelomorphic pairs of factors for from one to 
10 generations of self-fertilization following a cross. 

Some facts regarding the effects of self-fertilization in generations 
following a cross are apparent from a consideration of this figure. When 
only a single allelomoi-phic pairis concerned, the first generation of selfing 
reduces the percentage of heterozygous individuals by half. When a 
number of factor pairs are concerned reduction of the percentage of 
heterozygous individuals is comparatively slow for the first few years of 
selfing. At the end of 10 years the percentage of heterozygotes is very 
low whether the initial cross was heterozygous for 15 allelomorphic pairs 
or for a single allelomorphic pair. From the above discussion it is 
apparent that . after several yeara of self-fertilization following a cross 
betweett different varieties a large percentage of the plants are homozy- 
gous and will breed true for their characters if self-fertilization is continued. 

The number of different biotypte which can : bo isolated from, a' cross 
depends upon the number of, allelomorphic pairs of factors, involved and 
; their linkage relations, , . " . • . 

,j^ormerly, the heterozy^goiis condition was' believed to canry with It ' 
an increased developmental stinjulus. It .was also believed that,, 
stim.ulus was, ^eater iyhen the'imate to^an allelomorphi,- pair was lacking ,, 

. timn wl^ .both, were present, phyBield^oaI'Cause.'of'tl^ grbwib ;■ 
.■stimulus: was not J:nn*h:although;it Was re^ htbe ^ater ■tibie",'' 

degree, of 'heterozygosis the-'greatOris^' the- vigor 'oi' the iesulting ,plant''''"'.f 
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(East and Hayes, 1912). A considerable number of studies showed that 
the rapidity and amount of cell division was increased. 

A Mendclian explanation of this growth stimulus, which is so frequently 
found in crosses, has been advanced. Jones (1918) has explained the 
'uo-or of Fi wluch has been called heterosis on the basis of dominance and 
linkage. In comparing crosses with their parents, it is quite common to 
find that the Fx generation has a liigher value for nearly every growth 
character than has the average of the parents. Modern geneticists 
recognize that each character is due to the interaction of many inherited 



Fig. 1G. — Tlio porncnUi^o of liotorozyKOUS indmduols and tho percentage of heterozy- 
gous alleloiuorphic pairs iu tho whole population in (‘ach geuoration of flelf-fertilization. 
(After Jorkca.) 

factors. If each growth factor gives as groat an effect when 
heterozygous as when homozygous, or proves partially dominant when 
heterozygous, it would bo easy to explain heterosis by the actual phys- 
iological growth development which is a pai’t of the normal expre&sion 
of particular inherited factors. Such an explanation was formerly 
advanced to account for heterosis but was considered unreliable, ' as it 
was difficult to account for the almost universal decrease in vigor when 
such plants as maize were selfed. This can be explained by the facts of 
linkage, as it is possible to have a greater number of different growth 
factors present in a heterozygous than in a homozygous individual. 
The explanation has much in its favor. 
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The difBculty of obtaining all desirable growth factors in one homozy- 
gous individual is that there ai-e many undesirable genetic factors and 
these are linked in the same chromosome with desirable factors. The 
elimination of the undesirable leads naturally to the loss of some of the 
desirable. 


A CLASSIFICATION OF METHODS OF BREEDING 

It has been emphasized that there is a close relation between the nor- 
mal mode of reproduction and pollination of a crop and methods of crop 
improvement. It is impossible, obviously, to breed self-sterile crops 
in the same manner as self-fertile ones A monrecious plant like corn 
can bo handled in a different manner than plants which produce perfect 
flowers. If vigorous selfed lines can be obtained in cross-pollinated 
plants, a somewhat different procedure may bo -followed (.ban where 
selfing leads to great reductions in vigor While special methods of 
breeding will bo foataired in relation to th(‘ discussion of individual crops, 
it appears desirable to outliiu' methods in relation to th(' particular type 
of crop and problem concernc'd. 

Breeding met.hods may be classified as follows; 

1. Introduciions 

2. Selection. 

а. Mass selection: 

(1) In self-pollinated crops. 

(2) In cross-pollinated crops. 

(3) In dwiciouH crops. 

d. Individual plant selection, 

(1) In self-pollinated crops. 

(2) In cross-polliuated crops (line brei'ding) without con- 
trol of pollination 

(3) In artificially s(‘lf-polIinat,ed lines. 

(4) In did'cious plants. 

(5) In clonally propagated lin<>s. 

3. Hybridization. 

o. Clrossi's in self-pollinated crops. 

б. Cro.ss(>s of artificially self-pollinated lines. 

(1) Single crosses . 

(2) Double crosses. 

(3) Synthesized variidies. 

f. Varietal crosses. 

Introductions.— New and improved crop plants arc obtained by the 
cultivation of wild species, by the introduction of crops and varieties 
from foreign countries, and by the breeding of improved sorts. The 
present important crops grown in the United States were largely of for- 
eign origin, although potatoes, cotton, corn, and tobacco originated in 
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the Western Hemisphere. Many of our crops were introduced by the 
early settlers, others are of more recent introduction. Examples of more 
recent introductions are soybeans and velvet beans from the Orient, the 
date palm from Africa and Mesopotamia, the fig from Asia Minor, and 
the navel orange from Brazil. The tepary bean, Phaseolus acutifoUus, 
was raised many centuries ago in the arid Southwest by the Indians 
occupying these regions. It has been found to be a valuable plant for 
these regions. Sunflowers, native to tliis continent, are now being used 
for ensilage in regions where corn is not especially well adapted (Jones, 
1925). 

The Office of Foreign Seed and Plant Introduction, of the United 
States Department of Agriculture, conducts an organized search for new 
crop plants and for improved varieties in all regions of the world. Native 
wild species are also studied with the hope of obtaining now sources of 
material. 

Because of the danger of introducing harmful fungous and insect 
pests, definite regulations for the introduction of plants and seeds have 
been made. Regulations are drawn up by members of the Federal 
Horticultural Board and Service and Regulatory announcements are 
published from time to time (see, for example, Marlatt and others, 1925). 
Quarantine regulations regarding the importation of stocks and seeds 
from foreign countries have been developed. Quarantine No. 37 is of 
most interest to the crop investigator. Under this law, field, vegetable, 
and flower seeds may be imported without restriction. Under Quaran- 
tine No. 39, however, restrictions regarding the importation of rice, 
wheat, oats, barley, and rye were made to guard against two dangerous 
plant diseases, Urocystis tntici, flag smut; and Ophiobolus graminis, 
take-aU. Other quarantine regulations have been and will be di-awn up 
from time to time for the purpose of protection against diseases and 
insect pests. 

These quarantine regulations are of real value and should be adhered 
to scrupulously. Special permits may be granted for importation of 
seeds for breeding purposes when this is necessary. 

New introductions of certain crops are studied by various officers 
of the Bureau of Plant Industry, United States Department of Agricul- 
ture. Thus the federal department takes the lead in trying out new crops 
and varieties although in soine cases certain state experiment stations 
have conducted studies of great importance in this field. 

Selections. Mass Selection in Self-pollinated Crops. — Mass selection 
is used by most breeders of self-fertilized crops as a means of keeping 
the variety pure. It consists either of selecting a large number of typical 
spikes, heads, or panicles; or, if the number of off-type plants is not very 
great they may be discarded by roguing. The latter procedure is an 
important step in the carrying on of a hand-selected seed plot. Mass 
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selection of self-fertilized crops is not so rapid or scientific a method as 
individual plant selection. Before modern principles of genetics were 
known and prior to the discovery of the pure-line hypothesis, mass selec- 
tion was one of the usual methods used by the trained breeder. 

Mass Selection in Ceoss-pollmaled Ciops . — Many improved varieties 

of cross-fertilized crops have resulted from mass selection although individ- 
ual-plant selection and some system of controlling pollination are taking 
the place of the previous methods. Grimm alfalfa is a good example of 
the production of an improved variety by mass selection. Nature 
was the selection agent in this case (see Alfalfa) Many of the standard 
varieties of corn have been producofl by farmers and mass-selection 
methods have been used rather largely. T'^amiliar examples are Reid’s 
Yellow D(‘nt and rx'aming. In fact , mass select ion is t.he nw't, hod which 
many trained breedens are recoramimding that th<' farmer use in kiHiping 
an adapted vaiiety in a constanti st-ate of improvc'inent.. Irimcious 
plants may bo bred in the same manni'r by mass selection as moncc'cious 
typos and those which produce perfect flowers. 

Individual-plant Selection in Self-pollinated C'/'op.?.— This method has 
been a,nd will, without doubt, continue to bo an important means of 
obtaining improved varieties of self-pollinated crops. Itis the application 
of the pure-line hyi>ot.ho.sis discovered by Johannsmi. Several illustra- 
tions arc given in a later chapter of improved varieties which were 
obtained by this method. It is essentially the first step after learning 
which are^ the better commercial varieties. It is the logical method to 
use if variations of the desired sort are already presemt in the variety. 
Nature produces tiie hcrcflitary vai-iations and the breediT isolates them 
by individual-plant or head selection. Natural crosses are one .source of 
heredit.ary variations in self-fertilized ci'ops although mutations do 
occasionally occur. 

Ihe individual-head or plant methorl consists of selecting several 
hundred heads or plants, propagating the progeny of each separately, 
making eomparativi'-yield trials, and increasing the more promising 
variety or varieties for distribution. 

Individual-plant Selection in Cross-polUnateui Crops . — The progeny 
lost or Vdmorin's isolation principle recognized that the only sure method 
of knowing the brooding value of a crop was the progeny test. With 
cross-pollinated crops, selections arc made on the basis of the mother plant 
and selection practiced later in the more promising lines. Individual- 
plant progenies may be line-bred by isolating the st.rains a considerable 
distance apart largely to prevent crossing between them; or they may be 
allowed to out-cro.ss with each other, as is commonly done in oar-to-row 
methods of breeding corn. By the use of the,se methods improved 
varieties of corn, rye, sugar beets, and other cross-pollinated crops have 
been obtained. 
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In Artificially Sdf-polUnated Lines . — Where it can be used advanta- 
geously, self-pollination is being tried out as a means of controlling the 
hereditary characters. By this method self-pollination is insured. 
Selection of desirable lines and plants within each line is made. After 
several years, lines which approach the homozygous condition are obtained. 
The many undesirable abnormalities present in some cross-pollinated 
plants can be eliminated and homozygous lines for disease resistance or 
for other characters may be isolated. Homozygous lines so obtained 
are of importance for fundamental physiological investigations and for 
the synthesis of improved varieties. 

In some crops, such as timothy, sunflowers, and rye, vigorous solfed 
lines have been obtained. If such can be isolated, single lines may be 
used for the production of an improved variety. With corn it is difficult 
to obtain selfed linos which yield as well as normal varieties. The better 
selfed lines must be used, therefore, for the synthesis of improved vaiieties 
or for the production of Fi crosses. 

In Dioecious Plants . — For this group both male and female plants 
may be selected and the hereditary characters of the parents determined 
by the progeny test of certain crosses. When the progeny of a particular 
cross breed true for the characters desired the new variety can be increased 
for distribution. 

In Clonally Propagated Lines , — Individual plant, tuber, or bud selec- 
tion in clonally propagated lines is for the purpose of separating a mix- 
ture of two or more clonal lines, the discard of diseased stock or the 
isolation of bud mutations. Mixtures occur frequently in clonal lines. 
As a rule, mass selection is used to discard diseased stock but individual 
selection is also practiced. The tuber-index method in potatoes consists 
in growing the progeny of a single eye, the discard of tubers which prove 
to be diseased by this tost, and the increase of disease-free stock. 

Extensive selections are being made in citrus crops and in sugar cane. 
It is a common belief among breeders of these crops that inherited changes 
occur frequently enough so that much progress can be made by selection 
in clonally propagated lines. 

Hybridization. Crosses in Selpfertilized Crops , — This is the Mendc- 
lian mode of attack. Parents are selected on the basis of their characters 
and crosses are made between parent lines which in each case contain a 
certain desirable character or characters that the other lacks. Selection 
may be practiced until a considerable number of lines are apparently 
breeding true for the characters desired. Some few lines may be homozy- 
gous in Fi for all characters. In the hybridization studios at Minnesota 
with small grains no attempt has been made in recent years to obtain 
homozygous lines until F^. Large populations are grown of each cross 
in Fa and several hundred Fz lines are grown. This gives a greater oppor- 
tunity for selection than if small progenies are grown in F2 and a small 
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number of lines in Fz. After homozygous lines are obtained compara- 
tive-yield trials are made. 

The segregating lines are planted so that individual plants can be 
studied. Each progeny, in each generation until homozygosis is reached, 
is obtained by planting seeds from an mdividual plant, head, or panicle 
The comparable-yield trials are obtained from bulk sowings of lines which 
appear homozygous. 

Crosses of Artificially Self-pollinated Lines . — A recent method of breed- 
ing in naturally cross-pollinated plants has been called “selection in self- 
fertilized lines.” Self-pollination is induced by isolation of individual 
plants and lines are selected on the basis of their performance. Several 
methods are being tried with corn for the use of these lines. Three of 
them, discussed here, are called single crosses, double crosses, and synthe- 
sized varieties. 

A single cross is the Fi progeny of two lines. In a double cross four 
lines are used. A double cross consists of the Fi progeny of two single 
crosses and has the advantage in corn that vigorous F^ crosses are used 
as parents. Both single and double cros.ses are being tried in corn with 
the idea of gi-owing F] hybrids as the coimuercial crop. 

Synthesized varieties are the result of random matings in the progeny 
of several selfod linos which are recombined. The method has the advan- 
tage over single or double crosse.s in that seed can be saved by the grower 
and that yearly crosses need not be made. The extent to which Fi 
crosses may be expected to be superior to synthesized varieties in yield- 
ing abihty will depend on the rejativo yielding ability of pure lines and of 
F 1 crosses, and the number of different lines used in the recombination. 

Varietal crosses are used extensively with horticultural crops which 
are frequently grown as clonal varietkis. The genetic nature of the 
parents can bo learned from the progeny of such crosses although, where 
possible, it may be desirable to determine the breeding value of a parent 
from the progeny of seed obtained by self-pollination. As a rule, varietal 
crosses are made for the purpose of obtaining certain de^sirod combina- 
tions. They differ from pure-line crosses in that the parents are hetero- 
zygous and the F i plants arc unlike each other. Hybrid vigor is obtained 
in varietal crosses as well as with pure-line crosses. There is the possi- 
bility with certain crops, such as corn, that synthesized varieties may be 
used as parents and .^i varietal crosses grown as the commercial crop. 

SUMMARY 

The mode of pollination of a crop is important because the number 
and nature of the hereditary variations depends to a considerable extent 
on the frequency of cross- and self-pollination. In self-pollinated plants 
natural crosses occasionally occur and variation is induced. Self- 
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pollination after a cross leads rapidly, in later generations to homozy- 
gosis, and, as a rule, the progeny of individually selected heads, panicles, 
or plants of a variety breed true immediately. In the often cross-polh- 
nated group natural crosses are more frequent. It is more difficult to 
keep the variety pure than in self-polhnated plants. Some method of 
isolation of individual plants and of varieties must be used but, in general, 
the same plen of breeding is desirable as with self-pollinated plants. 

In both the self- and often cross-pollinated groups, the hybridiza- 
tion method of breeding is of great importance. Crosses are made 
between parents which arc selected because each contains some impor- 
tant hereditary characters which the other lacks. Selection is practiced 
in the segregating generations and homozygous desirable types are com- 
pared under field conditions and the most promising, if sufficiently desir- 
able, are distributed for commercial growing. 

With the naturally cross-pollinated group of plants, two general 
methods of work are being used. In both cases selection is practiced. 
In one plan some method of controlled pollination is used, while in the 
other, selection is practiced but new variations constantly occur through 
natural crossing. Helection in self-pollinated lines is a means of isolating 
the more desirable strains. In some cross-pollinated crops, such as timo- 
thy, sunflowers, and rye, vigorous selfed linos may be obtained. In 
others, such as corn, it is difficult but not necessarily impossible to obtain 
selfed lines which are as vigorous or more so than normal varieties. 
Where Pi crossed seed can be obtained relatively easily, as in corn, 
the growing for the commercial crop of Pi crosses appears a logical pro- 
cedure. The recombination of several lines with subsequent selection is 
a method which has certain advantages in the utilization of selected 
selfed lines. In certain cases single selfed strains may be sufficiently 
desirable so that they may be increased as new varieties. 
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CONTROLLING POLLINATION 

Methods of controlling pollination have received considerable atten- 
tion. Protecting self-fertilized plants from occasional natural crosses 
would seem to bo a necessity m careful studies of heredity. A knowledge 
of correct technic for crossing and selfing various crops allows the breeder 
to control the inheiitance and in this way obtain the combination of 
characters which arc desired. This entire field is one in which actual 
practice is needed before the worker can hope to accomplish best results. 
A few general principles will be given. 

Selfing Plants Artificially.— ( lert am methods havis already been worked 
out for particular crops As an example, in the tobacco crop artificially 
self-fertilized seed may easily and cheaply be produced. The practical 
grower can well afford to save his seed by this practice. Before any of 
the blossoms have opened, the terminal inflorescence should bi' covered 
with a manila or hemp bug. The 12-pound size has beiui found satis- 
factory for this purpose. If a few flowera have already Ix'en pollinated 
those may be removed before bagging. After a week or 10 days has. 
elapsed, the bag should be taken off and all flowers e.xc('pt from fift,y to 
sixty removed and the dead corollas shaken off. After sufficient, flowers 
have been fertilized t.ho bag may 1 m) removed, as the seed will mature 
somewhat' more rapidly than when enclosed. 

Self-pollination of the tomato may bo accomplished in vovy much t.ho 
same manner as with tobacco. Small-sizod bags are needed. In this 
case it is necessary to jar the flowering branches upon which t he bags are 
placed, as the tomato does not sot seed freely unliiss some such pra(!t,icc 
is followed. 

Artificial self-polh'nation in corn is very easy. The oar and t.ass(d 
may each be covered with a paper bi 4 ;. The use of a transpanmt vege- 
table parchment bag to cover the ear shoot before any of the silks show 
allows the silks to be observed and facilitates pollinat ion. As soon as the 
silks appear, a manila or hemp bag of the 12-pound size is placed on the 
tassid and pollination can be performeil about 2 days later. If the silks 
are long, they may be cut off to a length of 2 to 3 inches which makes 
pollination somewhat easier. 

Two men may well work together in pollination. One removes the 
oar bag and the other shakes the deail ant.hors from the tassel bag and 
pours the pollen over the silk. Care is needed in performing this opora- 
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tion to prevent cross- or uncontrolle<l pollination. In producing biotypes 
by self-fertilization the occasional cross may easily be rogued out as the 
crossed plant will plainly be seen the following year because of its vigor 
and other characters. 

Hard showers or long-continued rains seriously interfere with the 
artificial pollination of corn, as the tassel bag becomes wet and makes 
the handling of the pollen difficult. A desirable method is to remove the 
tassel bags after each heavy rain and put on new ones. As a number of 
days elapse from the time the first pollen of the tassel matures until all is 
mature, the method of replacing tassel bags gives good results. 

Jenkins (1023) has used a somewhat different method of pollination 
which has bc^eii found satisfactory in his studies. It has been called the 
^^bottle method.^’ The car shoot is covered by a bag and as soon as a few 
silks cmorg(', the car shoot is cut back to inches and the bag 
replaced. Aftc^r 2-1- to 48 hours a good brush of silks is ready to pollinate. 
The tass(4 rc^ciuinid for pollination may be bagged at the time the ear 
shoot is cut back. It is thus protected for 1 to 2 days from foreign pollen. 

Glassine bags 2}. 2 by G inches arc used to cover the ear shoot before 
pollination. Heavy 12-pound tassel bags ai'C placed over the silks pre- 
paratory to pollination. Small, wide-mouthed ])ottles wore used and 
at the time of pollination they are filled with water and attached to the 
stalk just above the (^ar-bciaring node. By placing the stem of the tassel 
in the bottle aft(‘r placing the tassel in the bag and fastening the bag in 
place over the onv shoot., the h^chnic of pollination is completed. Some- 
what loss satisfactory njsults w(Te obtained at University Farm, St. Paul, 
Minn., with this method than by the ordinary one previously described, 
although vtiiy satisfactory results have been obtained by some workers. 

Timothy and rye are handled quite satisfactorily by covering the 
spikes wit.h the same i)archin(mt bag used for the ear shoot in corn pollina- 
tion. The bags are 4 by 2j '2 by U}4 inches in size and waterproof glue 
is used. The l)ags ar(i tic^l to stakes to prevent whipping in the wind. 
Nilsson (1922 and 1023) has worked out a satisfactory method for selfing 
sugar beets. After much experimentation with different methods oi 
isolation, an effc^ctivo and rolativcJy easy method wai^ worked out. On 
every plant about th^^o isolations of single branches are made. In order 
to obtain more ovon ripeming, the top of the branch is cut off and the 
lowest flowers that arc already open are removed or at least marked as 
not solfod, A piece of cotton is wrapped around the base of the branch 
and a parchment bag (about 5 by IS inches) is tied around the cotton 
piece. The upper end of the bag is hold out by a little stick fastened to 
the corners. The stick as well as the lower end of the bag are tied to a 
bamboo stake. 

A method used by Fergus (1922) has been found satisfactory as a 
means of self-pollinating red clover. One-pound Kraft paper bags wore 
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used although vegetable parchment bags have been used more recently 
and have proved somewhat more satisfactory. The bag was placed over 
a head just as the petals were beginning to show and before any of the 
flowers had opened. Some of the leaves near the top of the stem were 
removed together with any small heads that were in the way. The bag 
was crumpled about the stem at the bottom and tied, allowance being 
made for the elongation of the stem after bagging. After 48 to 72 hours 
each bag was removed, the heads rolled gently between the thumb and 
fingers and the bags replaced. The hands were washed with alcohol 
after the selfing of each plant. 

Self-pollination of squash has been carried out at the Minnesota 
Station. A little practice helps in determining when a flower is about 
ready to open. The petals of both staminate and pistillate flowers are 
prevented from opening by placing a small rul)ber band around each one. 
On removing the band the following day the flower quickly opens if it is 
ready for pollination. The petals arc then removed from the staminate 
flower and the anthers rubbed over the pistil. The artificially pollinated 
flower is protected from cross-pollination by placing a rubber band around 
the petals. After a few days the petals of the crossc^d flower absciss and 
at this time the stigma has turned brown and is no longer receptive. 
This method was worked out by John Bushnoll. l‘>om a total of 600 
pollinations made under field conditions in the suinnier of 1919, approxi- 
mately 150 set fruit. 

Technic of Crossing. — A thorough knowledge of flower structure of 
the species or variety to be worked with is essential before crossing is 
undertaken. It is important to know which flowers are the most vigor- 
ous and which, set fruit, the most fretdy. Many varieties of wheat, for 
example, produce several seeds per spikclet. The outer florets of the 
spikelets in the central part of the rachis are more vigorous and usually 
produce larger seed. In some ISoUmaceoi (for example, the petunia) the 
later flowers form larger, healthier seed than those whicli first open (East, 
3910c). After becoming familiar with the flower structure it Is important 
to determine at what time of day the pollen is most easily collected and 
for what length of time the stigma is receptive. Environmental condi- 
tions modify the expre^ssion of these and other characters. However, 
some general rules for different groups of crops may be given. 

Ceii^ain tools arc (essential for the work of pollination. For general 
work these arc a small pair of thin, pointed scissors; a pair of forceps 
with thin, pointed blades which meet exactly and which are not too 
stiff; one or two dissecting needles; a hand lens; a pencil; and small 
string tags for recording purposes. Other special apparatus is necessary 
for diflSicuIt crosses. 

Crossing of Small Grains. — The technic of small grain crossing is 
comparatively simple. Some practice, however, is nocessaiy in order 
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to gain proficiency and to obtain a fair percentage of seeds set. In 
some of the earlier directions it was stated (Hays, 1901) that it was 
necessary to make crossc^s of wheat at about 4 o’clock in the morning. 



17. — Details of wheat iaflorosceace. 

Upper left, normal (tpikes; lower right, emaRnulated spike? 2, spikelet natural size: / and ff, flower- 
jess glumes; A and r, florets; 3, a single flower closed just after flowering. 3w; 4^, longitudinal diagram 
before flowering, x « » anthors, o » ovary, 6 *• stigma, / « filament; AB « diagram after 

flowering; 5 ■« transy(»rw^ floral diagram. 6n, fg « lemma, p »» palca, a - anthers, s - stigma; 6, 
fipworleas glume, 7, hmmm, 8, palea, slightly reduced; 0, lodiculo, 4n; 10, cross-section anther, 2dn; 
ll* 12, ovary and stigma just prior to flowering; 13, at flowering; and M, shortly after; 

lo, 10, 17, the mature seed. (4/fcf Babcock «mi Clausen^ 1018, after Jflaye and Boas.) 

Leighty and Hutcheson (1919) have determined the period in which 
blooming takes place at University Farm, St. Paul, Miim., and at 
Arlington Farm, Rosslyn, Va. The spikes were examined at 7 a.m., 
12 n., and 5 or 6 p.m. A flower was considered as having bloomed 
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when the glumes had opened appreciably. The period from 5 or 6 
p m., to 7 or 8 a m. was referred to as night Of 2,977 wheat flowers on 
69 spikes, 1,492 bloomed at niglit and l,48r) bloomed during the day. 
About half of those which bloomed during the day bloomed before noon. 
These figures are given to correct the erroneous idea that it is always 
necessary to pollinate wheat early in the morning. Environmental 
conditions may be an important factor, for Salmon (1914), working in 
South Dakota, stated that blooming was practically completed before 
7 o’clock in the morning. 

Leighty and Hutcheson (1919) show that in wheat it is unsafe to 
leave the spikes uncovered after emasculation Siv'ds were formed 
by 507 of 1,240 emasculated, unprotected flowers at Univm'sity Farm, 
Minn, and 1,10.3 seeds wi'ro formed in 1,324 flowers similarly handled at 
Ailington Farm, Va. while less f.han I pm- cent of flowers emasciilateil and 
covered with paper bags set seo<l. Erear (1915), working with Turkey 
winter wheat, obtained 80 jicr cent seeds sot on emasculated, uncovered 
spikes and less than 1 per cent on emasculated coveri'd spikes. 

Where greenhouse facilities are available, crosses may bo made 
advantageously in the wilder or eai-ly spring months, fl’his method is 
used c.vtensivoly by the Plant Bn'cding Department of ('loruell University. 
When all conditions are favorable between 50 and 100 per cent of crossed 
seeds may be obtained. 

Crosses, as a rule, may be made under field conditions and it is desir- 
able to make several plantings so that. plant.s of both par(!ut.,s may be in 
the same stage of maturity. The methods givim here have been devel- 
oped gradually and are those now in use at Uuiversil.y Farm, St. Paul, 
Minn. 

Wheat . — Emasculation is done while the anthers are gi-onn but begin- 
ning to turn yellow. A spike is tiimined to about, eight or ten spikelets 
by removing the lower and upper sjiikelots. This loaves florets of about 
t.he same stage of development. The central florets are removed by 
pulling them out with the forceps. The anthers of the remaining 
florets are removed with a pair of forceps which are forced into the 
floret at the side by sprisading the lemma and palet. A glassinc bag 1.5 
by 6 inches is placed on the emasculated spike and tied firmly with 
wi-apping twine which had b<‘en previously cut in convenient lengths. 
A small marking tag is then used to label the plant. On one-half of the 
tag the name of the female parent is writ, ten and also the dat,e of emascu- 
lation and the initials of the worker. Ordinarily, pollination is most 
successful if done two days after emasculation. This, however, will 
depend on the stage of development of the flower at the time of omascular 
tioh and on the condition of the weather. In exceptional cases the best 
seed setting has been obtained by pollinating .5 or 6 days after emascula- 
tion. Anthers of the pollen parent arc gathered in the palm of the hand 
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and should bo ready 1 o dehisce. The glassine bag of the female parent is 
removed and a bursting anther placed on the stigma of each floret. 
The bag is then replaced and the pollen parent recorded on the tag with 
the date of pollination and the initials of the worker. The bags are left 
on the spikes until harvest as a protection from birds. 

Oats . — The panicle is trimmed to about 15 to 20 spikelets and the 
secondary florets removed. A floret is held between the thumb and 
forefinger and the palet is pulled down and held with the thumb. The 
anthem are then removed and the palet is placed back in position. 
Pollination after 3 or 4 days has proved satisfactory. The glassine bags 
for oats are 3.5 by 8 inches. In other respects, oats is treated in the same 
manner as wlusat. 

lOmasculiition of barley must be done before the spike has 
come out of the sheath. Lateral florets are preferably removed and the 
spike is trimmed to carry about 12 to 16 florets. Each floret is clipped off 
just above the lips of the anthers with a pair of scissors, and the anthers 
removed from above. This method was learned from Harlan of the 
United States Department of Agriculture. In pollinating, the dehiscing 
anther is dropped on the stigma from above. Bagging and labeling arc 
the same as in tlu^ case of wheat. Pollinating 1 or 2 days after emascula- 
tion has proved satisfa(!t<;ry. 

Rye. — I’he method is similar to that described for wheat with a few 
exceptions. About 1(5 spikelets may be left near the middle of the spike. 
The awns should bo clipped off near the lemma for convenience. Prom 
4 to 6 days may elapse between emasculation and pollination. As soon 
as the florets are found to bo well open, the feathery stigma projects out 
considerably Ixftwee.n the pjilet and the lemma. Good ripe pollen is 
collected in a glassine bag from the pollen parent. Each head to be 
pollinated is tlie/i stuck into the bag and dusted about, the stigmas 
becoming well covered with pollen. 

Among the difficult, ies of artificial crossing in the field are unfavorable 
weather conditions. Too much rain or long-continued rains prevent 
work. Jollneck (1018) compared two methods of crossing wheats: (1) 
emasculation and pollination by placing a ripe anther in the floret; 
(2) emasculating spikifs as usual and tying these with spikes of similar 
maturity belonging to the pollen parent and covering with a paper bag. 
In 1916 method 2 gave twice as great setting of seed as method 1. In 
1917 condition, y wore very unfavorable and no seed was produced by 
method 1, while method SJ gave seeds in 24 out of 47 spikes. On these 
24 spikes 60 per cent of florets produced seeds. 

Rice . — Chao (1926)^ has devised a method of crossing rice which he 
believes superior to any. previous plan. He recommends that enoascular 

“ This description and literature regarding inheritance in rice was kindly furnished 
by L. F. Chao, a graduate atudont in genetics at the University of Wisconsin. 
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tion should be performed in the early morning before the sun rises or 
late m the afternoon. This precaution is taken because the pollen sacs 
may discharge the pollen grains when emasculation is done under bright 
sunhght Flowers of some varieties mature immediately after emergence 
of the panicle from the leaf sheath while flowers of other varieties mature 
later. Rice flowers mature from the top of the panicle downward. 
From ten to fifteen spikelots are left on the top of the panicle. When 
the anthers reach about half the length of the lemma and palea (as 
can be seen by holding the spikelet against the bright sunlighi-), a short 
transverse cut is made near the tip of the spikelet with a pair of fine 
scissors and the anthers are removed through this cut with the aid of a 
fine pair of forceps The panicle is rebagged and pollinated 15 to 24 
hours later. Pollination is performed by inserting a mature anther into 
the cut surface of thci spikelet. and dusting the pollen cells over the stigma 

Crossing Large-flowered Legumes. — Oliver (1910) of the United 
States Departm(‘nt of Agriculture, has made excellent contributions to 
the technic of crossing. lie emphasizes t.hc fact that in a cross between 
self-fertilized varieties, only a few seeds arci needed in Fj. The large- 
flowered legumes, such as Lat.hyrus, Phase'olus, Pisum, Stizolobium, 
and Vigna, should bo emasculat(‘d in th(^ bud stage*.. The following 
account of crossing Vigna, the cowpea, is taken from Oliver: 

In the evening it is found that the buds which will expand tlic next morning 
are (piite large and easily mauipulated in emasculating (A). Hold the bud 
between the thumb and forefinger with the keeled side uppermost (/?); then run 
a needle along the ridge wlien^ the two edges of the standard unite Bring down 
one side of the standard, seeunng it in jiosition with the thumb; then do the same 
with one of the wings, which will leave the keel oxp{)se(l. ''J'his must be slit on 
the exposed side about inch IjoIow the ])eud in the keel and continuing along 
until about >1 o inch from the stigma, which can be seen tlirough the tissue of the 
keel Bring down the section of the keel and secure it under the end of the 
thumb. This will expose the immature stamens, 10 in number. With a fine- 
pointed pair <jf forceps seize the filaments of the stamens and pull them out, count- 
ing them as they are removed to make certain that none are left (fO- Allow the 
disturbed parts of keel, wings, and standard to assume their original positions as far 
as possible. Next detach a leaflet from the plant, fold it once, place it over the 
emasculated flower bud, and secure it in position with a pin or toothpick. 

This pirevents drying out. Flowers so treated and pollinated the 
next morning gave a large percentage of successful crosses. 

DepoUination with Water.— Oliver first msed a garden hose in dcpolli- 
nating Grand Rapids lettuce. By cutting down the size of the opening 
with a smaller piece of rubber tubing a small jet of water wsis secured. 
After training this jet for a few seconds on flowers which had just opened, 
no pollen remained. Small pieces of blotting paper were used to remove 
excess moisture and then pollen was applied. Fifteen flowers of lettuce 
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Fig. 18. — Flowers and young pods of tho cowpea (twice natural size). {Copied from photo-' 

• graph by Oliver.) 

At flower bud showing condition on tho evening of the day previous to opening of flower; B, flower 
in the bud stage showing how the floral envelope is opened to gain access to stamens for emasculation: 
C, flower with stamens removed showing the large stigma to the left; D, emasculated flower the next 
morning after pollination; Mt the young pod the second morning after pollination; F, the same pod 
4S hours aft<5r the pollination of tho flower, (d/fer Oliver.) 



Fig, 19. — At right, A, scissors useful in removing small organs; Bt self-closing forceps; 
Ct forceps commonly used in emasculation with pin attached to the handle; Z>, scissors for 
severing largo organs. At left, devices used in depollination of flowers; A and chip or 
water bulbs; (7, water btUb with valve at bottom provided with celluloid ejector; i>, old 
rubber bulb with glass tube inserted; B, putty bulb^’ with attachment to give a small jet 
of water, {After Babcock and Olamm, 1918. After Oliver t 1910,) 
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were first crossed by tliis means and some seed was produced in each 
flower. The lettuce flowers and those of other closely related Composita* 
close soon after pollination. 

Certain small rubber-bulb syringes have been found satisfactory for 
field work. Those are used to depolhnate the flowers with water. For a 
complete description of artificial cross-pollination of alfalfa flowers the 
reader is i-eferred to Oliver. In the flower to bo used as the female, the 
anthers have already dehisced but cannot perform the act of fertilization 
until the flower is tripped To tnp the flower and secure as small a 
percentage of pollination as possible is the aim. The technic of tripping 
and depollinatmg as well as the technic of crossing is a matter of practice. 
Oliver records that more than two-thirds of the alfalfa pollinations were 
successful by this method. 

Use of Bees in Making Crosses. — Bees have been used frequently in 
making crosses. Wilhams (1925) has reviewed briefly some of these 
experiments and presented further dal, a for red clover. The bees 
employed for making crosses wore fnKid of viable pollen by washing them 
in tepid water in test tubes and drying them for a few houre before 
they were used. Cagcis of wire with six meshes to the linear inch and 
roofed over with glass proved satisfactory. When it was desired to 
cross plants which wen* some distance apart, cuttings were taken in the 
autumn and raised in pol s When I, he plants were in bloom the following 
year, the pots wore sunk in the opt'n and covhrcd with small bee cages 
and the necessary bees wore introduced. Honeybees could not bo used 
to eross-pollinate red clover. The most efficient bumblebees for this 
purpose were Bonihus agrorum, Fabr., B. /wrtOT-wmIann., and B. helferanus 
Scidl. 

Crosses in Grasses. — Few artificial crosses have been made in grasses 
because of the obvious difficullkis. Jenkin (1924) has succeeded in 
overcoming some of the difficulties, and has recorded successful crosses 
with DactyliH glomtrata, Fhlcim prateuse, and Alopecurus pmtensis. The 
work was carried out in a large, cool gi-eenhouse. The plants selected as 
parents wore planted in pots in NovomlK'r and December of theprecooding 
year. They were placed in the greenhouse when the first inflorescences 
were well emerged but. not in flower and remained in the greenhouse 
until the hybridization work was completed, yoparato inflorescences of 
the plants used as parents were bagged in order t,o obtain selfod seed 
and as far as possible no infloroscence.s of a species used for crossing 
were left unprotected in the greenhouse. Th<j inflorescences used for 
pollen production wore bagged. The pollen was collected and applied 
by means of a soft brush. 

Kmasculation was the most difficult phase of the work. It was found 
desirable to allow the inflorosconoes to approach within a few days of 
flowering before emasculation. Jenkins states: 
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For tlie emasculation of most grasses, relatively blunt-pointed forceps are 
used and without the aid of lens. Such forceps are less likely to pierce the 
anthers. For the emasculation of PMeum pratensej needle-pointed forceps witli 
the aid of an X 8 lens have been used. 

The anthers arc exserted under cool greenhouse conditions in the morning. 
Pollination has proved most satisfactory in the evening from 8 to 11 p.m., 
Greenwich time, llepeatcd pollination proved of value although no 
specific rules could be laid down. General rules given were as follows: 

1. Pollinate for the first time as soon as the stigmas become exserted, or as 
soon after as pollen will allow. 

2. Repeat pollination every day pollen is available in case none is available the 
next day. 

3. Continue pollinating until the stigmas have all withered, or until pollen is 
no longer available. 

Summary of Technic of Crossing. — Some important featui‘es of the 
technic of crossing may be summarized. 

1. Make a careful study of the structure of the flower before com- 
mencing operations. This may be done with the aid of a dissecting 
microscope. 

2. Determine which flowers produce the larger, healthier seeds and 
which set seeds the more freely. 

3. I^earn the normal method of blooming of the floiyer, the period of 
receptivity of the pistil, and the length of time the pollen grains are 
capable of functioning. 

4. Procure the necessary tools and see that these are of an efficient 
kind for the work to be undertaken. 

6. Be careful not to injux’e the flowering parts any more than is neces- 
sary. Do not remove the surrounding flower parts, i,e,j petals in flower- 
ing plants, glumes of grasses, etc. unless necessary. 

6. A few crosses well made are of much greater value than many 
pollinations carelessly executed. 



CHAPTER VII 


SOME RESULTS OF SELECTION WITH SELF-FERTILIZED CROPS 

In its broadest sense, selection is really at the basis of all animal or 
plant improvement by breeding. Evidence accumulated by early plant 
breeders indicated to them that selection of the most desirable plants 
for seed was highly profitable, irrespective of whether the plants were 
naturally cross or self-fertihzed. Darwin believed that the mean type 
of any population could be changed by a plus or minus selection. It was 
left for Johannsen (1903) to point out the true significance of selection 
within a naturally self-fertilized crop. 

Before discussing Johannsen’s pure-line concept and its relation to the 
improvement of self-fertilized crops by selection, a brief survey of early 
work on improvement of naturally self-fertilized cereals is desirable. 

EARLY INVESTIGATORS IN SELECTION OF SELF-FERTILIZED CEREALS 

John IjC Coutein and Patrick Shirrcff were first to use the progeny test 
in maldng sclectiohs. The former did considerable work with wheat 
In the early part of the nineteenth century he grew what he supposed to 
be a uniform variety. Professor La Gasca, of the University of Madrid, 
upon inspecting Le Coutcur’s wheat in the field, pointed out no less than 
23 distinct forms. This observation led the latter to make a collection of 
1 50 varieties. JjO CJouteur simply took it for granted that the progeny of 
any one individual would breed true. Patrick Shirrcff, another breeder 
of cereals, who lived in the middle of the nineteenth century, worked 
along somewhat diffiirent lines, lie searched for the exceptional plant 
to start a new variety, and discovered seven such varieties. 

Frederic F. Ilallett also followed rigid selection of individual plants 
in his wheat breeding. Furthermore, he proceeded on the theory that 
the selection of the best spike on the plant and the best seed on the spike 
would yield correspondingly the best plant. Lo Couteur and Shin-eff 
placed all the emphasis on the original plant selection, while Hallctt 
believed he could improve the progeny of an individual plant by further 
selection. Needless to say, Ilallett made no progress after the initial 
selection. A number of liis improved varieties wore introduced and 
widely grown. 

Louis Leveque de Vilmorin formulated a breeding principle, as a 
result of a series of experiments performed by himself and his father, 
which was published in monograph form (1866), These early studies 
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were carried on with vegetables and the conclusion was reached that the 
only way to determine the breeding value of a plant was to grow and 
examine its progeny. Much study was made by the younger Vilmorin 
with the sugar beet. This is not a seK-fertilized plant, but the principles 
learned have a direct bearing on selection with self-fertilized crops. In 
the first few years the problem of determining the sugar content of mother 
beets without inj ury to the roots received particular attention. W eighing 
a grna.11 ing ot of silver in the juice extracted from a small piece of root 
was found to be an accurate method of determining density and thus 
sugar content. Roots of similar sugar content were then used as mother 
plants and their breeding nature determined. Some gave progeny with 
high sugar content without pronounced variability; other mother plants 
gave variable progeny some of which were high in sugar content and 
others much lower, while some mother beets produced progeny of such 
inferior sugar" content that all were immediately discarded. Later, the 
sugar content was determined by means of polarized light (Babcock and 
Clausen, 1918). As an example of Vilmorin’s results, may be mentioned 
a strain of beets which, after 3 years’ selection, gave juice with an average 
density of 1.087 while unselected seed grown in the same field gave an 
average density of only 1.042. Andre Leveque do Vilmorin produced a 
desirable cultivated form of carrot by 3 years of selection from wild forms. 
Louis do Vilmorin also made a collection of wheats and other grains from 
all parts of the world. After 60 years of selection within isolated lines of 
wheat, no notable change was observed (A. L. and A. C. IJagedoorn, 1914). 

Willet M. Hays, formerly of the Minnesota Experiment Station, 
was the first in America to adopt the “ Vilmorin method ’’for small grains. 
In 1891 he introduced what is known as the contgener method of grain 
breeding (Hays and Boss, 1899). Briefly, it consisted of growing and 
harvesting a 100-plant plot from the progeny of each plant. Selection 
was continued the following year. The selections of most promise were 
increased and given extensive trials by farmers. By this method new 
forms of superior value were discovered. 

The pure-line method of breeding self-fertilized crops was independ- 
ently discovered and later adopted (1891) by the Sval6f Experiment 
Station in Sweden. The director of the station, H. Nilsson, was led to its 
adoption by the accidental discovery that only those plots planted with 
seed comipg from a single plant exhibited uniformity (Newman, 1912). 
DeVries (1907) says: 


To this accidental circumstance, combined with the exact scientific method of 
Wpin g extensive records, the discovery of the cause of the diversity of the cifi- 
tures was due. For precisely those cultures which were derived from one ear only 
were found to be pure and uniform, all others, offering to the eye a more or less 
motley assemblage of forms. 
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The fact that many of the agricultural vaiioties grown in Sweden 
at the present time are the result of this method of breeding is sufficient 
evidence of its success. 

In addition to individual-plant selection, the older mass selection 
is sometimes used with solf-fertilizcd crops. Mass selection is the selection 
of a group of individuals which seem to embody the desired characters. 
No attempt is made to grow the offspring of the different, individuals 
separately and hence a pure-line study is impossible. In spite of this 
fact, mass selection sometimes has a place in correct breeding For 
example, it may be advant ageous 1,o let nature eliminate non-hardy forms 
of a winter-wheat variety before beginning a study of individual-plant 
progenies. 


SELECTION WITHIN A PURE LIKE 

Early in the twentieth century Johannsen (1903 and 1909) began 
his famous expi'rimeiits with beans and barley which resulted in the 
discovery of fact,K which led to the diwelopment of the pure-line theory. 
Johannsen found t,hat selection wil.lun a pure line was futile. Table 
XXXVII is typical of what, he obtained by sdection witliin each of 19 
different pure line's of beans 

Since Johannsen announced his pure-line concejit, several investiga- 
tors working with other crops and other characters have vi'rified his 
conclusions. 


Table XXXVII.— SBr.BcrioN Eprairr Ditiuno Six (Jesbuations in Line I op 


PitiNCBSH Beans 



Total 

Moan w(Mf»ht of 



1 

liar- 

inot.iior boarus of 

DifTor- 

Moan of pr<>g(‘ny 

v<\st 

yoarn 

mun- 
ber of 

th(‘ Hi'loot Ktrairirt 

<‘1100, 

A 

of .s(‘loct st.rairiH 

bf'aiw 

-l-niiiuis 

ii-pius 

J-minuK 

^-plUH 

1902 

145 

00 

70 

10 

03 15 + 1 02 

04 ,85 to. 70 

1003 

252 

55 

m 

25 

7r>.19±l 01 

70 8S±0.89 

1904 

711 

50 

HT 

37 

.51.59 ±0 4-1 

.50.08:10 30 

190.’) 

054 

43 

73 

30 

03., 55 ±0.. 50 

03.04 10.41 

liKKi 

SM 

40 

84 

•38 

74 38.1-0 81 

73 00 + 0.72 

1907 

379 

50 

81 

25 

69.07 ±0.79 

07 00 .to. 75 


l)ilT(>rcnci', 
B - A 


+ 1.70 tl.27 
—I 31 ±1.35 
-1-2 0i)±0..'i7 
■fO 00±0,(i9 
-1.38-1:1.08 
-1 41.1:1 09 


Fruwirth (1917) made selections within a pure lino of each of the 
following . lentil (^Lens cuculffi'Uci) , vetch ( V iciii sittivn), snap bean (J^huseohm 
vulgarw), field pea {Pimm arveim), and white mustard (Hinajm alba), 
but failed to change significantly the moan of the character subjected 
to selection. In other words, the genotype was not altered. hVuwirth 
also conducted experiments within pure lines of oats. He selected for 
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number and length of hairs on the lower grain in addition to selecting 
for percentage of two-grained spikelets per plant. The work was carried 
on from 1900 to 1915 without effecting permanent alteration in the hered- 
itary complex. The following table, taken from Fruwirth, illustrates 
a typical case : 


Table XXXVIIT. — Selection for Percentage op Bristling in Oats 



Minuis soloetiori 

Plas scloction 


Per e(‘nt of bristling? of 

Per ciiiit of bristling of 

Your 


ProKoiiy 


ProKf‘ny 


Puront 

M(‘un 

S. D. 

Puroiit 

Mean 

8. D. 

1907 

1 

a ^ 

5. 11 ±0.08'' 

1.68±0.48'' 




1908 

2.5 

5.47 + 1.37 

4.32 + 0.07 ' 

4.8 

4.05 + 0.88' 

2.78±0.62 

1900 

0 

4. 70 ±1.08 

3.24±0.72 

9.2 

4.75 + 0.99 

3.12+0.09 

1910 

0.07 

2.04±2.:i(i 

11.80±l.(iC) 

10. 0 

8.40±1 .()1 

8.0G + 1.14 

1911 

0 

0.14 + 0.07 

0.33±0.05 

21.0 

8.88 + 1.47 

5.50+1 .04 

1912 

0 

0.03 ±0.22 

0.85 + 0.12 

18.7 

1.02 + 0.35 

1.05+0.25 

1913 

0 

1.20±0..33 

1. 07 + 0.24 

5.1 

3.58 + 0.98 

4.18±0.G9 

1914 

0 

0.04±0.09 

0.44 + 0.00 

13.0 

0.04 + 0.25 

1.25+0.17 

1915 

0 

2.ti3±0.4G 

2.^32±0,33 

5.7 

3. 14 ±0.55 

2.74±0.39 


“ Practically no bristles* ^ Moan error. 


In the above table mean error is used instead of probable error (mean 
error X 0.G745 = probable error). The means, both in the minus and 
in the plus direction, show no effect of continuous selection. 

In 1914 Hutcheson published the results of 13 years of continuous 
selection in wheat carried on at the Minnesota Station. Here again no 
significant effects of selection are found. In the following table a com- 
parison of the yields for the first 5-year period with those of the last 
5-year period is presented: 


Table XXXTX.— CIomparlson of Average Yibli> per Plant in Grams op First 
5-year Period with Those op Last 5-year I^eriod in Continuous Selection 

OF Wheat 


Variety 

First S-ycar period 

Last 5-ycar period 

Hedgrow 

2.67 

2,34 

Kussian 

1,99 

2.18 

Speltz 

2.51 


Kamouska'. 

2.01 

1.97 

Polish 1 

1.54 

1.61 

Polish 2 

1.62 

1,31 

Average 

2.06 

1.97 
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In the tobacco-breeding work of the Connecticut Experiment Station 
(Hayes, 19136) the inheritance of number of loaves was studied. The 
parental forms were grown with the hybrids for comparison Although 
tobacco IS naturally self-fertilized, the plants were bagged to insure self- 
fertilization The behavior of the parental forms selected in a plus 
direction is shown. It is obvious from the data presented, that tobacco, 
like other self-fertilized crops, does not respond to selection within a 
pure line; at least not to a degree which would encourage the plant breeder 
to use this method of seeking improvement (see Table XL) 


Table XL.— Number or Leavb.s op Sumatr.a, 403; Bkoadleap, 401; Havana, 402; 

AND Cuban, 40.5 


Nuinbor 

Voiii 

^rowii 

Loav(‘s 
of par(‘nt 

Progeny 

Ttango 
of varia- 
taon 

Total 

Average 

C V. 

io;^ 

1910 


24-31 

150 

28 2±0 08 

5 27+0 21 

403- 1 

1911 

29 

23-31 

125 

2(5 ,5±0 11 

(5 04 f 0 28 

i03-l-2 

1912 

29 

21-32 

151 

20 2 ±0 12 

8 28+0 32 

401 

1910 


17-22 

• 1.50 

10 2 ±0 05 

5 00 ±0 19 

401-1 

1011 

20 

10-22 

lOS 

19 1±0 08 

0 54 ±0 30 

401-1-1 

1912 

22 

17-23 

U5 

10 9±0 07 

0 03 ±0 24 

405 

1010 


10-25 

150 

19 9±0 08 

7.53±0 28 

405-1 

1911 

21 

18-23 

124 

20 6 ±0.07 

5 29 ±0 23 

405-1-1 

1012 

23 

17-25 

150 

20 9 ±0 07 

0 17 ±0 24 

4Q2 

J910 

. 

17-24 

150 

19 8+0 07 

0 98±0 27 

402-1 

1911 

20 

10-25 

143 

20. 3 ±0 10 

8 87 ±0 35 

402-1-1 

1912 

20 

17-22 

150 

19 4±0 05 

4 59 ±0 18 


Love and Craig (19186) reported on the effect of selection for height 
of plant within a pure lino of oats. No evidence of selective effect was 
obtained, as is shown in the following table : 


Table 3CLI. — iSELiaoTroN pob Height within a Pure L'Ne op Oath 


Y(*ar 

Av(‘ragc luMgIji of i)arontH 
ill cc‘ntini(jterH 

Average height of offspring 
produ<‘(»d, in ccHitimeterw 

Tall line 

Short line 

Tall lino 

Short hne 

1913 

85.8 

58.8 

74.2 

75.7 

1914 

80 9 

00.4 

82 6 

82 9 

1915 

94.9 

07.8 

80.4 

88 8 

1910 

97.1 

74.9 

95 9 

94.5 

Average 

91.2 

05.5 

85.5 

85 5 
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An average difference of 25.7 centimeters in height of plant between 
the parent forms chosen, failed to change the genotype. 

One of the old mooted questions among investigators of field crops 
was the relation between the weight of seed planted and the resultant 
yield. Earlier workers adhered to the belief that the selection of large 
seed would give increased yield. In a pure line of a self-fertilized crop, 
heavier seeds possess larger endosperms and consequently contain more 
stored food material for the young plantlet than the smaller seeds. It 
seems that it would be possible to have the environment during the 
germination period such that the larger seeds would have an advantage 
over the smaller ones. The important fact to bear in mind, however, is 
that all seeds of the same pure line have the same inheritance. 

Some work has been done (Arny and Garber, 1918) on the relation 
between size of seed planted and resultant yield in Marquis wheat. 
The seeds were individually spaced 4 inches apart. . The relation between 
the weight of the seed in milligrams, and the resultant yield in decigrams 
was expressed by means of a correlation coefficient. The coefficients for 
the years 1914, 1915, 1916, and 1917 were 0.143 ± 0.038, 0.088 ± 
0.028, 0.445 ± 0.020, and 0.478 ± 0.024, respectively. In this investiga- 
tion each plant was given the same space for individual development. 
The results show that under these conditions relatively large amounts of 
stored plant food in the germinating seed may or may not give the result- 
ant plants an advantage, depending on environmental influences other 
than the amount of endosperm. 

Several investigators have attacked this problem from a practical 
viewpoint. Seeds were separated into light, medium, and heavy by 
means of a fanning mill. The productivity of the plants coming from 
the various classes of seed was compared under field conditions. Some 
investigators procured a slightly greater yield from plants produced by 
heavy seed than from those coming from light seed. Others obtained 
no such difference. Plants from medium or ungraded seed in almost all 
cases proved as productive as those from heavy seed. The work carried 
on at the Ohio Station may be taken as a typical example of these 
investigations. 

Table XLII.— Thk Relation ov Weiout of Grain to Yield in Wheat 


7-year Average Results 


Grade 

Seed used. 
ttveraKe wciKht 
per Duwhol, 
pound 

Buslitils per acre 


Crop harvested 
average weight 
per bushel, 
pound 

Uniform 

seeding 

Varied 

seeding 

Average of 
both Borios 

First 

61.6 

31.3 

31.3 

31.3 

59.4 

Second 

69.8 

31.4 

30.9 

31.2 

69.0 

Third 

57.7 , 

31.3 

30.7 

31.0 

59.0 
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Table XLII presents the avera|>c results (Williams and Welton, 
1911) of an experiment with weight of seed wlieat over a period of 7 
years The grades are first, second, and third, I'cpresonting heavy, 
medium, and light seed, respectively. Two methods of seeding were 
practiced, namely, a uniform rate by weight and a varied seeding to 
obtain approximately an equal number of plants on ecgial areas. 

In the case of oats (Williams and Welton, 1913) a greater difference 
was obtained between light and heavy seed, but the unscreened seed 
yielded only a little less than the largo seed. The following table pre- 
sents the average data of a i-year period: 


XLIJI. The Kelation oe Wekhit oe Okain" to in Oats 

4-your.s Av(‘nigc RokuHh 



used 

Oushols por ,irn* 


• — — 

— 

— _ — 

— _ _ 



(ir.ulo 

womhfc 
por bii'.hu], 
pound 

Numbi‘1 
()( 1 

OUHfU 

(^lufoi lu 

St'f'dlUjL^ 

Avci'pu* 
of both 
.SOI l(*s 


- 

27 5 

1 ,052 

5i> 0 

50 0 

50 0 

floavv 

30 7 

1,0SI 

58 0 

55 3 

50 7 


27.3 

1,2S() 

58 4 

58 0 

58 2 


Oiop 

harvoHt(‘d[, 

WClKljt, 

l)Ush<*I, 

pound 


2S {) 
2S 4 
27 S 


A cumint popular belief is that plants from large or heavy seeds yield 
more than plants from light or small seeds. The data collected by 
various investigators do not substantiate this view. As a matter of 
fact, from a practical viewpoint it would bo difficult to (hiiuonstrate any 
increase in yield as the result of the use of a fanning mill. The fanning 
mill, however, is very useful in removing weed seeds or diseased light 
grains. 

» 

SELECTION FOR THE PURPOSE OF ISOLATING PURE LINES 

The determination of the bcitter selections requires at least 5 years. 
Accordingly, there have been consistent attempts to find somo character 
or characters which wore so closely associated with yield or other econo- 
mic qualities that they wore of actual selection value. If such could be 
found it would be possible to use them as checks on the yield results. 
Manifestly, they would be of especial value in the early period of head 
selection, for the results from short rows planted from individual heads 
are not very accurate indications by which to discard sisleetions. 

In this connection DeVries (1907) states that "correlation between 
botanical marks and brooding qualities are to be considered as reliable 
guides in the work of selection.” As an illustration of such correlations, 
the belief that there is an association between throe-grained spikolets of 
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oats and yield may be mentioned. Some of the early data collected at 
Svalof indicated that such was the case. After 1 5 years of further study, 
five or six of the best yielding oat varieties were examined. Some were 
three-grained types and others were two-grained types. Newman (J 912) 
in summarizing these results concludes that : 

there seems, therefore, to be no <lcfinite relationship between the yield 
of a given strain and the number of kernels per spikelct by which it is 
characterized. 

The relationship between other characters was likewise studied, such as 
early maturity and high yield; short-haired rachilla and high bi-ewing 
qualities in barley; weight of 1,000 grains in wheat, oats, and barley and 
yield; stooling with yield and quality; size of spike or piiniclo and yield. 
In some cases, there soomod to bo a ndation between yield or ciuality and 
some particular character, but when- sufficient nuinbors were studied no 
consistent association between any one morpliological character anti yield 
was found. 

Much investigational study has been made on this subject by others 
and similar conclusions have btitm reached. At l.he Minnesota Htation 
correlations between yield and the following charswiters in wheat have 
been sought; stooling, height of plant, size of seed, date heading, and date 
of maturity. In some seasons the early varieties were the better yiolders 
and in other seasons the later varieties. 

Stooling was obtained from plots in which ])lants had room for individ- 
ual development, and the correlation of stooling and yi(dd was computed 
for 2 years for wheat, oats, an<l barley.. Yield was olitainod from the 
replicated rod-row test. The results showed no aasociation between 
stooling and yielding ability. 

Quite consistent aasociation between weight of 1,000 plump seed and 
yield of wheat, as detorminod by the rod-row test was obtained and is 
given in the following table : 


Table XLIV. — Coubelations between Whioht oe 1,000 PuiMt’ Heei) ok T. 

vidi/aro and YiKt,i> 


Number of sc^loetionH or 
varieties in the population 

ClasH and y<^ar 

( lorrc^laiion <uMdn (licnt 

70 

Spring, 1914 

0.431 ±0,066 

70 

Spring, 1915 

0.510±0.059 

35, 

Bpring, 1917 

0.580±0.070 

63 

Spring, 1018 

0.109±0.084 

64 

Wint<?r, 1916 

0,350±0,080 

83 

Winter, 1917 

0.43610.060 
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Fairly consistent results of this nature would seem to show that 
weight of seed was associated with high yield in wheat. Montgomery 
(1912) isolated more than a thousand pure Imes of Turkey winter wheat 
at the Nebraska Station and found both large- and small-seeded strams 
among the higher yielders. Similar results have been obtained at Svalof. 

A study of the correlation between lodging and morphological char- 
acters of the stems of cereals has been carried out at the Minnesota 
Station (Garber and Olson, 1919) . The number of fibrovascular bundles, 
the area of sclerenchyma cells in the cortex and bundle, and other char- 
acters were studied in relation to lodging Stiffness and thickness of 
wall of the sclerenchyma seemed to be associated in oats but no such 
relation was found m wheat and barley. No other instance of a close 
association between any one of the characters studied and lodging was 
obtained. 

There is considerable difference in beak length in bearded wheats 
(Clark and Martin, 1925). Kota, the spring wheat introduced by the 
North Dakota Station, and Kanred, which was produced by the Kansas 
Station, are both resistant to certain physiologic races of black stem rust, 
Puccimci graminis tntici. Both are bearded wheats and both have 
long beaks. As many ordmaiy spring wheats, such as Preston and most 
strains of Turkey winter wheat, have short beaks, the correlation between 
beak length and rust resistance is of value in helping to keep Kota and 
Kanred pure. In crossing experiments, however, it has been found 
that no close correlation exists between long beak and rust resistance. 

Some coirelations are of value m selection or in obtaimng accurate 
data. Thus there is a direct correlation between size of head and yield 
of grain in sorghum or between size of ear and yield of grain in com. 

If one desires to classify a number of selections according to compara- 
tive maturity, reliable results may often be obtained by taking such notes 
as date of awn emergence in barley and date of heading in wheat and oats. 
In years favorable for normal development, a high correlation between 
date of heading and maturity has been obtained. In unfavorable years, 
date of headmg is a more reliable indication of the inherited differences 
between strams in relation to their normal period of maturity than a 
note taken at maturity. 

In general, it seems safe to conclude that no one character is closely 
enough associated with yield to be of selection value in picking out the 
highest yielding strain. It is possible, however, in many crops to weed 
out the very undesirable plants by inspection. The yield test must then 
be used to determine the better pure lines. This seems reasonable when 
it is realized that yield is the final result of many growth characters. 
A strain which excels in all characters, such as stooling, disease resistance, 
size of seed, size of head, fertility, etc., naturally will bo a high yiolder. 
As so many characters — of which the above are only a few of the more 
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easily seen— are essential to high yield, no single botanical character is of 
great selection value. This has led to the present method which is 
summarized as follows by Newman (1912): 

Thus instead of basing the Isolation of superior individuals purely upon 
botanical or morphological charachirs as was formerly the case, the principle has 
become to select a large number of iialividiials without speciid regard to such 
characters. 

The value of these individuals i.s dctc'rmined by the study of yield 
continued over several years. 

Numerous experiments have proved the valuta of this method. In this 
connection it is of interest to point out progi'oss that has alrea<ly been 
made with self-fertilized crops. 

Kanred winter wheat was (liscovcwed at tln^ Kansas Kx])eriment 
Station (Jardine, 1917) as a result of te.sting out 'vA head sehictious 
made from (Irimean (No. 1435 of the Office of 0(u-(!al Orops and I )i.Heiises, 
United States Department of Agriendture) and it is a rather sf.riking 
example of what maybe accomplislnsd by this iiuithod ot work. In a com- 
parative trial conducted over H y(uu-s, Kanrod outyiehUsl I'urktsy 
and Kharkov every yoaj- but one (Salmon, 1 919). It is Iik(avis(( tho (xjual 
in milling and baking quality of other comnmre.ial varieties of (hhnean. 
According to Parker (1924) it has add(ul, already, an annual rust value to 
the wheat crop of Kansas of ovtu‘ scwfui ndllioius of dollars and has a 
potential value of over fourteen uullion dolhirs annually to Kansas farmers. 

Red Rock winter wheat, which is highly satisfactory in Micldgan, 
comes from a rod seed picked out ot a white wheat, Plymouth Rock, 
(Spragg and Clark, JOld). This is an example of seUuiting ami incnuising 
an individual obviously different from th(» t.yp(f in which it oecurnsl. The 
red seed may have b()eu due to one of stsveral caus('S, iidnd.xture, natural 
crossing, or a mutation. Whatiivcir tlu! c!aus(», s(de(!tion immediately 
isolated a wheat which was different in app<!aran<!e and which proved 
valuable. On a porceutagti basis, the averag<^ yichl <jf Plymoiith Rock 
at tho Michigan Kxperiitient Station during the period 1912 to 1916 is 
73.4. The yield of Rod Rock for the sanwj period is taken as 100. 

Besides yield and quality other characters of (sconomic imi)Oi-tanee 
may be improved by selection. The illustration on pages 140, taken from 
Williams (191())» shows clearly what has boon accomplisluKl at tho Ohio 
Station in the way of isolating a strain with stiff straw. 'The throe pure, 
lines shown are selections from tho commercial variety Fultz. 

Kisselbach and Ratcliff (1917) have reported in BullcMn 1(10 of tho 
Nebraska Experiment Station the yields of numerous pure lines of 
Kherson together with the yield of tho commercial variety for a 4-year 
period. 



Yield III bubhcla per acre 


Strain 


number 

1913 

1914 

wi.? 

1910 

Average 

Original 

44 4 

58,9 

29 9 

83.0 

54.1 

21 

58 0 

71 7 

32.4 

85.4 

01 9 

23 

01,0 

07 3 

27.7 

85 9 

60.5 

15 

61 8 

50 4 

20 5 

77 3 

51.6 

26 

62 1 

04 2 

30 7 

83 9 

00 2 

6 

64 1 

03 2 

24 4 

81.6 

58.3 

33 

58 5 

63.7 

35 7 

80.1 

01.0 

27 

50 8 

07.1 

31 7 

81.9 

57 9 

38 

62 1 

64 9 

31 9 

81.1 

60 0 

35 

33 9 

53 0 

22.8 

76.7 

46.6 

4 

61.0 

67 8 

30 5 

80 3 

50.9 

5 


65 2 

33 3 

83 3 


19 


50 1 

21.4 

74.8 



As shown by the last column of the table, only two of the 13 pure 
lines gave lower average yields than the commercial variety fpr the 4-year 
period. They are Nos. 16 and 36. 
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In a later report Ivisselbach and Lyness (1924) give further data 
regarding these selections. Nebraska 21 is the most extensively grown 
of any of the pure lines and averages 2.8 bushels per acre more than 

Kherson from which it was isolated. 

Other important varieties of oats have been obtained by selection, 
Comellian was obtained from an individual plant selection and is a 
desirable variety in New York (see Love and ('raig, 1924). Albion, 
Iowa 103; Richland, Iowa 105; and lowar are valuable selections made 
and distributed by the Iowa station (Burnett and others, 1925), while 
Gopher, which is a stiff-strawed, white-seeded, early maturing variety, 
was obtained at Minnesota from a plant selection. Kansas introduced 
a variety of oats from Texas which proved to ho a high yieldcr when 
compared with Red Texas oats. It was identified as Fulghum by War- 
burton in 1918. It has boon compared with ordinary Fulghum and has 
proved much superior in yielding ability anti also matures earlier. For 
this reason, the new varioly was named Kanota to distinguish it from 
ordinary Fulghum (Salmon and Parkci", 1921 ) . 

SELECTIONS IN OTHER SELF-FERTILIZED CROPS 

An exhaustive account of the work that, has botm done in isolating 
and testing pure lines of self-fertilized crops wouhl alone make a large 
volume. In this somewhat brief treatment only a few typical examples 

are chosen. , . , . . . u 

The Iron cowpea (Orton, 1911), which is resistant to mlt, is one of the 

notable examples of what has been accomplishctl by the introduction of a 
promising variety. The isolation of this form alone has produced thou- 
sands of dollars for the farmer. M. A. G. Robust Ix^an (Spragg, 1919), 
which is a selection out of the ordinary navy Jiean, has proved to bo very 
much superior in yield to the commercial variety. At the hvalof FiXpen- 
ment Station (Newman, 1912), in Sweden, progwMs has been made in 
isolating pure lines of barley which possess superior brewing qualities. 

These few examples show the value of selection as a means of crop 
improvement. The effect of selection is to isolate the more desirable 
types from the commercial variety. Aff,or this has been accomplished, 
crossing may be resorted to a.s a method of obtaining a variety which 
combines the desirable charactciu of several strains. 



CHAPTER VIII 


SOME RESULTS OF CROSSING AS A MEANS OF 
IMPROVING SELF-FERTILIZED CROPS 

In the preceding chapters it was shown that the selection of a homozy- 
gous individual plant and the increase of its progeny isolated a pure hne. 
No one of these pure lines contains, as a rule, all the characters desired. 
What usually happens is that one pure line excels in one character, while 
another is superior with regard to some other character. The only way 
in which the desirable characters belonging to different strains can be 
combined is by crossing and then selecting the desired segregate. 

To attain success in this field, it is important to use as parents those 
forms which most nearly approach the combination of characters desired. 
The old idea of indiscriminate crossing in order to procure superior 
economic characters, such as yield, has been largely abandoned, which is 
reasonable from the knowledge of what selection accomplishes and of 
Mendel’s lawof inheritance in crosses. Love (1914) compared the yield of 
oat selections with hybrids which were the result of more or less indis- 
criminate crosses made by J. B. Norton. The average yield of the 
hybrids was but little higher than the average yield of the selections. 
It is probable that the comparison would have shown a greater difference 
if the parents had been chosen on the basis of their performance records. 
Two forms may be crossed because each possesses to the greatest degree 
the character sought, with the hope of obtaining transgressive segrega- 
tion; or a cross may be made to combine different characters. 

The Improvement of Black Oats at Svalof. — Nilsson- Ehlo (1917) 
has reported experiments carried on from 1901 to 1917 for the purpose of 
improving the black oats grown in Sweden. The native oats formerly 
grown had weak straw and lodged badly. Black Tartarian oats was 
introduced to overcome this diflS-culty. Little by little this form mixed 
with the native oats and probably naturally crossed to some extent. 
The resultant complex (Svart Tartarish Plymhafre) was especially 
suitable for selection and the isolation of desirable forms. This was 
done at the Svaldf Station. The selections, Klock 1 and Stormogul, 
maturing early and late, respectively, were obtained. Both possless 
stiff straw and Stormogul has good yielding ability. The improvement 
of the latter character was sought by crossing with higher-yielding, light- 
colored forms. The following diagram indicates the method followed. 
The varieties and strains were purified before the crosses were made. 

142 



IMFROVJ^^ 0 / 1 L //0 


xnr »-» 


Svart Tartarish Plyitihafro 


Milton (Probstnior tj’po) 


‘ i i 

Kloek I (1901) X Ouldp'Kn (1903) 

, i 

Stormogul (1901) X Klook II (1909) 

Klofik Tir (1917) 

Klock II is the result of crossing a good-yielding black oat of stiff 
straw (Klock I) with a high-yielding yellow oat (Guldregu). The new 
variety has the stiff straw of Klock I and the high-yiehling ability of 
Guldregn. One selection from the cross of Klock 11 with Stormogul 
gave a strain, Klock III, which has the eaily maturity of Klock II, 
a somewhat higher-yielding ability than Stormogul, as well as non- 
lodging ability, which last character both parents possessed. In the 
following table the yields of three of the strains are sliown: 

Table XLVI. — Results ok (V)Mparativk-yihli> Trials oKTitK Voiie'I'ibs Klock II, 
STOBMOdUL, AND A SEcmUCiATE Klo<!K III OK A (btOSS BETWEEN f^ORMOlitrL X 
Klock II as Obtained at KvalOk khom 1912 to 191() 



Vi(‘l(l piT lu‘c1ar(‘ 

R(4ativo 

Grain 

1912, 

kilo- 

grams 

I 

1913, 

kilo- 

fijrams 

1914, 

kilo- 

grams 

1 

1915, 

kilo- 

grams 

I01(>, 

kilo- 

grams 

Avorag<‘, 

kilo- 

grams 

iadex 
Klock It 

* too 

i 

Klock III 

3,7H0 

4,170 

2,5()0 

3,010 

4,5S0 

3,020 

109.9 

SSfnrmnirnl 

3,S00 

4,100 

2,700 

3,030 

4 , 100 

3,.5H2 

108.7 

Klock II 

3,730 

3,S70 

2,300 

2,280 

4,230 

3,284 

100.0 

Hlraw 

Klock III 

.1, 060 

4,530 

2,470 

3,82.5 

7,H50 

4,747 

100.3 

Rtormofful 

.7,810 

5,330 

2.S50 

4,r>.50 

7,030 

5,234 

110.6 

Klock JT • > 

.5,200 

4,470 

2,310 


7,330 

4,734 

100.0 









A WnCo-t VyruSsS i.vxau.c 0.1. vjvclav** * ,7 

grown at the Svaliif Station, reported by Nowman (1012), was a cross. 
Extra Squarehead II, No. 0200. This wheat is one of the offspring of 
Old Extra Hquarehoad X Grenadier II. It combines the winter-hardi- 
ness and rust resistance of the former with the stiff straw and high yield 
of the latter. As an average of 4 years’ trial at Hvalfif and Alnarp, 
this wheat has yielded 18 per cent more than Old Extra Squarehead and 
8 per cent more than Grenadier 1 1, which was next. No variety of winter 
wheat has proved so generally popular among the farmers of southern 
Sweden as J^xtra Squarehead II. It may be of interest to point out 
that, preceding the cross, hundreds of selections out of Grenadier II 
were examined in search of a pure lino with the combination of rust resist- 
ance and high yield. 
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Wheat Breeding at University Farm, Cambridge, England. Most 
of the wheat varieties grown in England are very susceptible to yellow 
rust {Puccima glumarum). Biffen (1917) set himself the task of breeding 
a high-yielding, resistant form. He crossed American Club, which is 
very resistant to this parasite, with several susceptible varieties in ordei 
to study the mode of inheritance and develop a standard technic of 
operations. In all crosses the Fa generations showed monohybrid segre- 
gation with resistance behaving as the recessive. The resistant individ- 
uals were rather clear cut, although they sometimes exhibited uiedinia 
The susceptible plants showed a wide range of variation. No recogniza- 
ble morphological character has been found correlated with resistance. 

The constancy of resistance m wheats of hybrid origin has also been 
studied by Biffen. For the purpose he used a resistant strain produced 
from a cross between American Club, a resistant variety, and Michigan 
Bronze, which is one of the forms most susceptible to yellow rust. Dur- 
ing 8 years of obseiwation the hybrid variety proved just as resistant as 
the American Club. 

A resistant variety of Eussian origin, found among some Guika 
wheats, which was not adapted to local conditions, was crossed witli 
Square Head’s Master, the variety most commonly grown in England 
Among the resistant offsprmg is one that gives considerable promise. 
Comparative trials of this wheat (Little Joss) over a period of 7 years 
show it to 3 deld about 4 bushels per acre more than the best of the It/nglish 
and French wheats. The explanation for this would seem to be that 
Little Joss inherited the yielding capacity of Square Head’s Master as 
well as the resistance of the Eussian wheat parent. 

Farrer’s Wheat Breeding in Australia. — Probably no one has made 
more wheat crosses that have proved valuable than William F arrer of 
Australia (Sutton, 1910). Most of his work was done without the 
application of a knowledge of the Mendelian principles. He, however, 
made crosses for definite purposes and in reality followed the Mendelian 
mode of work without recognizmg the law involved. Farrer strongly 
featured composite crossing, i.e., the crossing of parents which wore 
themselves of hybrid origin. Federation, a variety very popular in 
southern Australia, was produced in this manner. As a typical example 
of Farrer’s method, the history of Federation will bo given somewhat in 
detail. 

This variety was the outcome of a deliberate attempt to produce a 
wheat especially suited to gathering with a stripper, a harvester used in 
Australia. Federation is early maturing, stiff strawed, erect, and of 
somewhat short powth. Despite its rather unattractive appearance, 
it is one of the highest 3 rielding wheats for the section in which it is grown. 
The upright habit makes it easy to harvest, l^’urthermore, the grains 
are held tight enough to prevent shattering but not tight enough to 
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interfere with the operation of the stripper. Federation resulted from 
a cross between the varieties Pnrplo Straw and Yandilla. The parentage 
is indicated in the following diagrammatic scheme: 

Improved Fife X Ettiwah 

Purple Straw X Yandilla 

Federation 


The history of the origin of Bunyip, another Farrcr production, is 
indicated as follows: 

Improved Fife X Purple Straw Blount’s Lanilirigg X HornhleiiJe 

^ 7 

An unnamed 

eroas-Ured X Kind’s Jubilee 
Ryrner- X MaiTra 

liunyip 

Among other varieties produced by crossing which arc of economic 
importance may bo mentioned t'omcbackc, Cedar, h irbank, Bobs, 
Florence, and Cleveland. 

Farrer’s method of brooding seems to liav(! been based on inducing 
maximum variation through composite crossing and then subjecting the 
progeny to selection. He was a keen observer and possossetl ability to 
pick out forms which proved of economic value. 'Phis omplmsizes the 
need of a knowledge of the characters of a c rop with which the breeder is to 
work, which is as essential as a knowledge of laws of breeding. 

Marquis Wheat. — If the spring wheat known as Maniuis (Baunders, 
1912) were the only one of economic importance which had been produced 
by artificial crossing, the practice would be justified. The early history 
of this wheat is somewhat obscure. It is one of the descendants of a cross 
between an early ripening wheat from India, Hard Red (Jalcutta 9 and 
Red Fife cf . The cross was made by A. P. Saunders, probably at the 
experimental farm at Agiissiz, C'ana<la, in 1892. The crossed seed or its 
progeny was transferred to the Ottawa Experimental Farm. Chas. E. 
Saundeis who retired in 1923 took charge of the cereal breeding there in 
1903 and immediately initiated a series of selections from the progeny of 
cross-bred wheats. The progeny from the cross made by A. P, Saunders 
was found to differ strikingly in gluten content of seeds. The laborious 
practice of chewing a small sample of each pur© line was made the basis 
of selections. One of the high-gluteh selections isolated from this mixture 
of types was named Marquis. It was first grown as a pure form in 1904 
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and the tests made in 1907 fully established its bread-making qualities. 
In addition to this character it is early ripening, thus often escaping rust, 
has stiff straw, high yielding ability, distinctive appearance of seed, and 
remarkably wide adaptations. These qualities have made it popular 
among the farmers in the spring- wheat bolt. 



Fig. 21 — A section of tlie winter- wheat plant-brooding nursery in the spring of 101 S 
The three rows at the right are Minhurdi, a very wintor-hardy wheat i)rodu(‘(‘d from a cross 
of Odessa with Turkey. In light center are throe rows of Turkey, Minn. 14H7. 


Winter-wheat Breeding at the Minnesota Agricultural Experiment 
Station. — One of the most urgent needs in order to bring about the 
successful production of winter wheat in Minnesota is a strain which will 
withstand the severe winters. This ideal has more or less been the goal of 
breeding operations from the first. Yield and quality also have been 
given considerable attention. Before attempting crossing, varieties 
were obtained from all over the world. Odessa, an awnless, red-chaffed 
variety of Russian origin, has proved most winter hardy, although 
some of the more recent Turkey selections are nearly as hardy. In the 
large number of crosses that have been studied since 1902 there is an 
outstanding fact worthy of emphasis. Of the different crosses made, 
none proved as winter hardy as the Odessa-Turkey combination, although 
numerous crosses between other winter wheats were studied. This 
shows the necessity of studying carefully prospective, parental material 
to determine what should be used. When Odessa was used it furnished 
an hereditary complex capable of withstanding severe winters (Hayes and 
Garber, 1919). 
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Minturki (Minn. 1507) is a bearded wheat of the Turkey type obtained 
from this cross. It is as hardy as the Odessa parent, has high yielding 



Fio. 23. — Minteki (Minn. 1507), a winter hardy voxiety of desirable agronomic typo. 


ability, and good milling quality for a winter wheat although not the 
equal of the better spring wheats in this particular. It has proved 
highly rust resistant under field conditions in southern Minnesota. 
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An awnless variety from this same cross, named Minhardi (Minn. I50fe) 
has proved somewhat more winter hardy than Odessa and Minturki and 
is the equal in winter hardiness of any variety tested in North Ameiica 
but yields less on an average than Minturki. 

At the present time, attempts are being made to improve quality by 
crosses of Minturki and Minhardi with the better spring wheats and with 
non-hardy winter wheats which appear somewhat supoiioi fco Mintuiki 
in milling and baking quality. This illustrates what is believed to bo the 

correct procedure in plant breeding. 

Breeding Wheat Resistant to Bunt {Tillctia Gaines, at the 

Washington State Experiment Station, Pullman, began the work of 
breeding wheat for resistance to bunt by hybridization and selection in 
1914. Since that time he has obtained considerable information on 
the comparative resistance of many varieties as well as the mode of 
inheritance of resistance in 26 different crosses (Gaines, 1925). One of 
the earlier crosses was made between Turkey and h lorcncc. Turkey is a 
winter wheat of the Crimean group. It has a fair degree of bunt icsist- 
ance as well as winter hardiness, drought resistance, and good nulling 
quality. Florence is an Australian variety* of spring wheat which, 
according to Sutton (1910), is a selection from a cross made in 1901. Ho 
says : 

Florence is specially remarkable for its ability to resist the atta(jks of smut 
(bunt) . In the severe tests to which it has been sub j octed the crops resulting from 
heavily smutted seed have proved to be almost entirely free from smut. 

Each of the parent varieties Turkey and Florence is quite resistant 
although neither is entirely immune. Some of the hybrids of Turkey X 
Florence proved immune while others were completely susceptible. 
Bidit is one of the best selections from this cross. It is immune to bunt 
and has other desirable characteristics such as winter hardiness, high 
yielding ability, and good milling quality (Gaines, 1923, 1925). * 

Breeding Beans Resistant to Collctotrichum LAndomuthianmn * — 
Extensive tests of the reaction between physiological strains of anthrac- 
nose and host plants were made at the Cornell Station. Four groups of 
be aq s were obtained: (1) resistant to both strains, (2) resistant to strain 
A and susceptible to strain F, (3) susceptible to A and resistant to F , 
(4) susceptible to both F and A. Wells' Rod Kidney was practically 
immune to strain A and highly resistant to strain F, while Micliigan 
Robust carried resistance to the F strain only. The latfev is a white 
navy bean of superior yielding ability as was pointed out in the preceding 
chapter. McRostie (1919) crossed these two varieties to obtain a bean 
which possessed in addition to the characteristics of Robust, resistance 
to strain A of anthracnose. Segregation occurred for resistance to strain 
A on a simple Mendelian 3: 1 ratio with susceptibility recessive. In the 
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second and third generations, a white navy bean homozygous for resist- 
ance to both physiological strains of anthracnoso was obtained. 

An Improved Strain of Tobacco. — Connecticut Havana tobacco 
introduced among Wisconsin farmers gave satisfactory results as to 
quality but the yield was low. Johnson (1919), of the Wisconsin Agri- 
cultural Experiment Station, attempted to ovoreoiue this objection by 
breeding. In 1909 a pure-line study revealed the fact that there were no 


'Via. 24. — Tobiiotto No. 27. A rmro-lin« Htniin with ii IurIi loaf numtor ami a low hroaflth 
iiidox of loaf, (A/icr Johmon, 1910.) 



less than three distinct morphological types present in the particular 
variety, grown at the experiment station, which was introduced from 
Connecticut. Selections Nos. 2« and 27 differed distinctly from the 
normal or prevailing type. Form 20 carried fewer leaves but of larger 
size than the normal, while form 27 possessed more leaves which were 
somewhat smaller in size than the normal. A cross between 2(i 9 and 27 o' 
was made in 1910 with the hope of combining the desirable features of the 
two forms. The success of the cross is indicated in the following data 
taken from Johnson: 
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Table XLVII — Summaeized Data of Most Significant Chabaotbbs of Con- 
necticut Havana No 38 Together with Parent and Normal Strains 


Average of 8 years 


Strain 

Loaf 

number 

Aveiage of top, middle, and 
bottom leaves 

Breadth 
index of 
loaf 

Length, inches 

Width, inches 

No 26 

14 2 

20 0 

11 3 

.56 .5 

No. 27 

18 0 

18 0 

9 6 

.53 6 

No 38 - 26 X 27 

16 0 

19 1 

10 6 

.5.5 8 

No. 33 

15 5 

18 2 

9 8 

.53 8 



Vm 25— Tobacco No, 26, A pure-lino strain with a low leaf number and a high 
breadth index of leaf. Note tlie mot, hod of insunng self-fertihaiatiim by covering the 
terminal infloresconoe with a manila, paper bag. {After Johiiaon^ 1919 ) 


Number 33 is a desirable strain of the normal Connecticut-Havana 
type produced by continued selection and inbreeding;. IJreadth index 
is obtained by dividmg the average leaf breadth by the average length 
end multiplying by 100. The table shows that by crossing, a form, No. 
38, was obtained which combined somewhat the desirable features of 
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the parents (Nos. 20 and 27) and is superior in both number and size of 
leaves to the better pure line obtained by selection (No. 33). As an 
indication of the commercial value of the new form, it is estimated that 
50 per cent of the total acroa^^o (approximately 30,0()() acres) in Wiscon- 
sin, is planted to this new variety. ^ Hc‘rc is an example of crossing two 
closely related forms and of obtaining fi'om the resultant progeny a 
strain of more commercial value than either parent. 

The illustrations l)ring out more clearly some of the features of the 
parents and progeny. 



Fr<i. 20. — Tr)})iiPco No. 2K. Tliiw Htniiu wns pro(lu(*<‘d by ('rossiuK No. 20, wluch oxcols 
ill lc*tif broriflt.h, with No, 27, which ih lioinossywoUH for hijjjh loaf iiuiiilicr. ^1 hiw now .stniiu 
iri jiioro desirable than auy other pure! lino form obtainoii. It is widely Ktowu in WiscoiiHin. 
Oiftcr Johmon, lOlt),) 

Summary* — In this chapt er concrete ovidemee of the value of <a*ossing 
as a means of producing improved varieties of solf*f(U‘tilized cro])H has 
been presented, ( Voascs should be made with a definite purposes in vhw 
and the parents should bo scjlectod on the basis of porformanei^ rcH^.ords, 
Just as a chemist reciuires a certain knowledge of ihi^ elements which btj 
synthesizes into compounds, so also the plant brefuler may make cross(^s 
much more intelligently if ho is thoroughly acciuaintod with the pros- 
pective parental material Promiscuous crossing as a means of producing 
improved forms is discouraged 
^Letter from Jamwh Johnson (1926). 




CHAPTER IX 

METHODS OF BREEDING SMALL GRAINS 

Th© progeny test is now recognized as the best means of determining 
the comparative productivity of varieties and strains. Vilmorin s 
isolation principle was first used in the United States in 1897 by Hop- 
kins, of Illinois, for corn breeding, and in 1890 by Hays, of Minnesota, 
for small grains. Studies in field-plot technic and in crop genetics have 
led to standard methods of breeding self-fertilized crops. 

One of the important steps for the breeder is to obtain a broad knowl- 
edge of the crop plant with which he is to work. This consists of a 
knowledge of the home of the plant, its wild and cultivated relatives, 
the existing varieties, and their important economic characters. It is 
also necessary to learn the needs of the crop for the locality in which the 
breeder is to work. The importance of this knowledge cannot be over- 
emphasized. After obtaining a fundamental knowledge of the crop, 
the work in crop improvement naturally falls under four heads: (1) 
introduction, (2) variety testing, (3) selection, and (4) crossing. Before 
taking these up, attention will be given to a system for recording plant 
pedigrees. 

Methods of Keeping Continuous Records. — There arc numerous 
methods of keeping records and as a rule each investigator will modify 
some general scheme to fit his own particular needs. It is also recognized 
that a plan which might prove satisfactory for an experiment station 
investigator who works only in one particular region might not be at 
all desirable for a federal worker who has charge of crop investigations 
over a wide area. 

The Minnesota plan has proved quite satisfactory, although it is 
recognized that other methods of equal simplicity and value have been 
developed by other workers. It is given only as suggestive of the neces- 
sity of accurate records and as one means of attaining that end. When a 
new introduction is first brought to Minnesota it is given a Minnesota 
accession number and the history, source, and other data are entered in 
the number book for that crop. If the now introduction is a pedigreed 
form from a near-by state and seems promising, it is placed at once in 
the ^^o-Q'Cre plots and its value determined. In case it proves desirable 
it is recommended for Minnesota. Two such varieties are Marquis 
wheat and Victory oats. If the value of the new introduction is unknown, 
it is handled in the plant-breeding nursery, 
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Two types of rows arc used in the plaiit-breoding nursery, plant rows 
and rod rows. Plant roAvs of various are used depending upon 

the nature of the experiment. In plant !*ows the seeds are spaced 2 } 2 
to 3 inches in the row and tlie rows are placed 1 foot apart. Plant rows 
are used when it is desirable to study individual plants. Rod rows are 
planted in bulk without individual spacing of schmIs. They are not nec- 
essarily just a rod in length but are 1 foot apart as with plant rows. 

New introductions from foreign countries are usually grown in plant 
rows the first yc^ar or two and their purity and cliaractoristaes dot,(irrnined. 
The very promising typos, if homossygous, an^ tricsl in rod rows and may 
later be placed in j.to-acro field plots. If a])par(^utly heUn'ozygous or 
mixed, if not a pedigreed variety, n(‘W introductions may be an 
important source from which to mak(^ plant ok head selections. 

The three groups, introductions, sdections, and cross(^s, are givcm 
nursery class and stock numl>(u*s for int^ans of identification. The year 
of the first t,(^st. in Minm^sota is also carried (exc(^i>t< in tlu^ cus(j of crosses 
where the year that the (iross was mad(i is us(Hi), togetlun* with a seri<^s 
number from I to as many forms as an^ handl(Ml in class for t.lu^ year 
and crop conccirned. Tlu^ following ciassc^s are us(h 1 with th(^ supposition 
that the forms wenj first tc^shid in the nurscuy in 1920: 

Class 1-20- h 1-20-2, etc Selections 

Class 1 1-20- 1 , 1 1-20-2, etc ( -n )ssi5s 

Class TlI-20-1, in-20-2, etc New iiitroductioiis 

f 

Supposing, for oxamplo, 20 new wlu’iat introductioiiH wore grown, 
these would bo class(«l as 1 1 1-20- 1 to 111-20-20. All individual-plant 
selections are placed in cliuns I if they an; made from cominorcial varieties 
or now introductions. 'I'lu; y<;ar that f.li(;y are first i»lao(;d in the nuraery 
is also carried, as well as tlu; series niiml>cr. Thc'se class and s(!ri(‘s nuni- 
bore are not changed as long jis i,h(t form is eontimicd in tlu; nurs(;ry trial. 

drosses arc not giv(;n a seruw rmnd)or unf.il the; strain giv((H ovidcn(;e 
that it is homozygous. I'^or tlie first few years f,lie method of numbering 
used by the United Htates lJ(;partment of Agi icultun; is followed. 'J’hus 
a cross niado between 1-14-1 and 1-14-20 is lab<;le<l at the time of croas- 
ing 1-14-1 X l-i't-20. I’lie female panmt is written first. On gi-owing 
this cross in /'’i a convenient number or hitter is ustid. Later generations 
for the letter method would apiieur as A for Ft, A-1 for Ft, A-1-1 to 
A-1-200 if 2(K) plant soloctions were grown in Ft. As soon as a cross is 
purified, that is, when particular selections appear homozygous, they are 
placed in the rod-row tost and given a series number; thus tho cross made 
in 1918 would be labeled as follows ; 

Fird year. Class 11-18, A 

Fioemui year, 11-18, A-1 

Third year, 11-18, d-1-1 to A-1-200 
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If A-1-10 and ^-1-50 appear homozygous and look promising, they 
may be placed in the rod-row test and receive series numbers as II-18-1 
and II-18-2. 

Books for bank figuring have been found to be satisfactory for the 
yearly field notes, a separate book being used for each crop 

Planting lists show the order of planting m the field and are a record 
of the source of material. This allows a complete pedigree to be worked 
out for each crop. In the plant rows during the period in which homozy- 
gosity IS being studied, it is necessary to have a record of the source in 
previous years The following planting lists for a small part of spring- 
wheat studies illustrate plant-row histones in 1921 and 1922: 


8peing WiiE-iT, 1921 Plant Hows 


Nursorv stock No 

\^arioty 

1920 No 

1921 No 

Other notes 

Chock 

Marquis 


:]9 


Chock 

Kanrod .... 


40 


11-19/^ 

Kaiircd X Marquis 

C-122 

41 



Kanrod X Maiquis 


42 



SpKtNd Wheat, 1922 Plant Rows 


Nurscrj" stock No 

Variety 

1921 No 

1922 No. 

Other noto.s 


Kanrod X Marquis. 

41-3 

141 


II-19F3 

Kanrod X Marquis.. 

-4 

142 


llA9Fi 

Kanrod X Marquis. . 

-.5 

143 



Thus the 1921 row 41 was planted from seed saved from a 1920 plant 
number 122 in row 0. Rows 141, 142, and 143 were planted in 1922 
from seed of individual plants 3, 4, and 5 which were selected in row 41 
in 1921. 

With cross-fertihzod crops, such as rye, nursery stock numbers are 
not used, and each planting-plan records the row numbers for the year 
m question and the previous source consisting of the row and the plant 
selected. 

With self-fertilized small grains, the nursery stock number remains 
the same year after year. A planting plan for barley at University 
Farm in 1926 illustrates the method; 


METHODS OE BREElJlXa EM ALL (IRAINE 


155 


N«ainci 

Nursery 

stof'k 

iiunilier 

1925 

row 

i02() rod rows 

iSeries 1 

1 

iSfMTCs 2 Series 3 

1 

vSeritis A 

Manchuria 

Ch(‘ek 

i 

1-3 

1 

S,5-(i7 1 120-! 2S 

IStv-lScS 

Volvoi 

11-20-10 

1 2(10 

4-0 

(iS-70 i 129-1;:! 

1S9-191 

Glabron 

ri-20-s 

1 

7-9 

: 7l-7:{ ! i:i2-i:i4 

i 

102-UM 


After obtiuiiing yield and taking notes on grain characters, the yearly 
results are drawn off on 8,' a by 1 1 paper, suintnarizcd, and fihal for refer- 
ence and further study. Only gentn-al notes an^ tak<!n, such as date head- 
ing, date mature, height in incluis, per cent lodged, dc^greo lodg<id, per 
cent and kind of (histructive diseaisc's, bot.anical characters, grain color, 
plumpness and quality, w(sght per buslail, and yield. 

New Introductions.- By means of mav introductions the br(!('dor is 
enabled to obtain variid it's or st rains which have IxMai produced by other 
breeders, or native variet i(‘S from the original home of the! crop. There 
is no value in attempting to prodiux! a variety which is adapted to a 
particular condition if (.h<! ([ualil ies d(>sir(sl are to Ihj found in some variety 
already grown in tinother locality or conntiy. 

The llnittul St.at(!s 1 )('iiart.ment of Agriculttire luis a trained corps of 
workers who are constantly intiaxlucing new-plant sorts from foi’oign 
countries. At t.he present tlnu) th(! ()ffi(ie of dei'oal (h-ops and Diseases 
of the Bureau of Plant Industry acts as a medium for the introduction of 
new varieties of stnnJl grains. Through cooperation with this office, 
promising now int.roduct.ions ai-e being tested in localities to which they 
seem adapted. 

In small grains no comdusion can Ixs <lrawn from the first-year test 
of a now intro<iuction ()ht.ain(al from a widely (liffenmt clinuito. Often 
the seed docs not give a high perccniixige of gesrmination or for some other 
reason the results s(«nu’e(l are not even indieative of the value of the 
introdxxction. The first year tlus <liff(irent jnt.ro< luctions may well be 
grown in short rows. The following ycwir a ro<l row of each now intro- 
duction may be grown as a part of the it^gular croivbreeding row trials, 
and yield ami other charactcu’s deteritiinod. Those which are at all 
promising by this test may then bo placed in the regular row trials and 
handled in the same manner as pure-line strains. After 2 or 5 years 
those introductions which give results of promise will bo used as a basis 
for individual-plant selection, providing the introduction wsis not already 
a pure lino. 

Selection. — The plant-selection method is used for the purpose of 
isolating the best possible pedigreed strain of a commercial variety. 
If the variety is of considerable value a large number of individuals (600 
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to 1,000) may be selected. Often a smaller number is all that the breeder 
can afford to test. The number chosen will depend on the productive 
capacity of the commercial variety or new introduction which is used as 
the basis of selection. Plant selections are grown in short rows the first 
year, the same number of seeds being placed in each row. 

Two general methods have been rather widely adopted for the initial 
head-selection plot. In either method the same number of seeds is 
placed in each row. The difference lies in the spacing of the seeds. Some 
prefer to place the seeds approximately the same distance apart in bhe row 
and at sufficient distance to 3 inches) that the plants can be sepa- 
rately observed. Others scatter the seeds in short rows, placing them so 
close together that individual plants cannot be differentiated at maturity. 
The latter method more nearly approximates the rod-row plan and needs 
less room. In either case the rows are usually 1 foot apart. 

The field, after being carefully harrowed, is raked by hand, if necessary 
It is then marked out by the use of a sled marker, from 7 to 12 rows being 
marked at a time. The rows are opened with a wheel hoe and covered 
either with it or a rake or a hand drag with numerous iron teeth. Some 
prefer a small nursery planter for seeding the rod rows. 

Those selections which by field inspection seem to be of inferior vigor, 
to have weak straw or other undesirable characters, are eliminated before 
harvesting. A few others are discarded on the basis of yield, although 
the experimental error in a yield comparison of this kind is much too 
large to justify rejection. The following year each selection may be 
grown, if sufficient seed is available, in three systematically distributed 
18-foot rows, 1 foot being removed from each end of every row before 
harvesting 

According to Love and Craig (1918a), J. B. Norton, of the United 
States Department of Agriculture, was the first to put the rod-row 
method into general use. By varying the length of the row and obtain- 
ing the yield in grams, it is possible to convert yields into bushels per acre 
by multiplying by a simple conversion factor. If the length of oat rows 
harvested is 15 feet and the yield is obtained in grams, the yield per acre 
in bushels may be obtained by multiplying by 0.2. For wheat and barley, 
if tbe rows harvested are 16 and 20 feet long, respectively, the convei*sion 
factor will be 0.1. 

The rod rows are about twice as far apart as the rows made by a 
field grain drill. Some use one and one-half to two times as much seed 
per nursery row as under field planting, and hence the rate of seeding per 
acre does not differ materially in the two methods. Others use the same 
rate per row as in ordinary field seeding while at the Washington State 
Station 160 seeds per rod row were used. Still others correct rates of 
planting so that more seeds are used for larger seeded varieties. More data 
regarding these questions are needed. Rod row trials have been shown to 
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give results similar to those from field tests, although the average 
yield of the crop is not the same (Montgomery, 1913; Love and 
Craig, 1918a). 

As has been previously noted, there are two general methods of work, 

i.e., the use of single- and threo-i-ow plots. Three-row plots in which the 
central row only is use<l to secure yield arc desirable as they help to 
control mixtures at i)lanting and harvesting time, ovoi-come competition 
between near-by varieties and help in obtaining more dependable data on 
lodging. They iwiuiro more land and the cost is somewhat greater for 
p ] i^nt.in g and cultiva ing. In sections where soil heterogeneity is very 
great it is possible that the usoof single-row i)lots and numerous replications 
may be somewhat bcd tea’ than three-row plots and f(nvei‘ replications. On 
land that is well suitc«l for field-plot work the u.se of three-row plots and 
three replications is advised. 

After a strain has becai grown for .3 ytsars btit may well be roraovc'd 
from the row-yiehl trial ami either incnnisiid if it shows promise or 
discarded if it appc'ars t,o bo of no value. At Cornell mtw sorts ar(> 
introduced to the faiTuers for trial dirtHitly from tlws rod rows. In many 
cases the now sort is finally tried in vari(ity ])lots planted by the usual 
field-plot mei-hod. This gives an expression of yiehl under normal 
methods of plarding and favorable field conditions. 

Summary of Methods of Selection.— 1. Determination of the varieties 
which possess economic possibilities. These may be commercial varieties 
or new introductions. 

2. Head selection of those promising varieties. 

3. Test of liead seh^ctions in short rows. The very undesirabki 
strains are eliminated in the fiohl by inspection. A few may be discarded 
on the basis of yield or seed characters. 

4. Yield determinations of the selections, using throe plots of a single 
row each, systematically replicated, if scicd is available. 

6. Oontinuation of the row t(»st. When land is well suited, it is 
believed that four systematically distributed plots of three rows each will 
give reliable I'fssults. Possibly the arrangement of selections of like 
nature together, the use of single rows and more replications, may bo 
desirable under certain conditions. 

6. Computation of a probable oiTor for the method of tost. The use 
of this probable error m a means of detoi-mining significant differences, 

7. Increase of the better selections and either a trial by careful farmers 
or a further test in rod rows or field-variety plots followed by distribution 
of the bettor strains. If placed in field-variety plots, borders should 
be removed and each variety tested in replicated plots. Probable errors 
should be obtainod and used as in the row trials. 

From 5 to 8 years’ time is needed before the new selection is intro- 
duced to the farmer. 
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Crossing. — ^The improvemont of commercial varieties of self-fertilized 
small grains by the head or plant method of selection is a very easy 
process, although several years are required to do the work. The pro- 
duction of new forms by crossing is not so simple. A standard plan of 
attack has been developed which is the apphcation of the Mendelian 
method. 

The first step is the initial cross. Promiscuous crossing is not advised, 
but each cross should be the result of a determination of parents which 
most nearly approach the ideals in mind. By recombination of charac- 
ters, there is the possibility of obtaining a sort which is more desirable. 

The Fi generation is grown so that each plant has space for individual 
development. A knowledge of the inheritance of characters allows those 
plants which are not crosses to be eliminated in Fi, The F 2 generation 
plots should be as large as can be studied and each plant grown with 
enough free space that it may be exammed. Numerous selections of 
plants which have desirable fiield and seed characters should be made. 
Each of these Fo plants selected should be grown in an individual progeny 
plot in Fz and individual plant notes taken. Selection of desirable plants 
should be continued in later generations. When plots show apparently 
uniform progeny of a desirable sort, the strain should bo included in the 
rod-row tests and compared with standard varieties. 

Knowledge of the results of continued self-fertilization in generations 
following a cross, shows the reliability of another method which was 
first used at Svalof, Sweden (Babcock and Clausen, 1918), and is now 
being tried by other investigators. It consists of growing a bulk plot of 
the cross for several generations. At the end of from 6 to 10 years, head 
selections may be made with the knowledge that a large part of these 
selections will breed true. The adoption of this plan will in a large meas- 
m‘e do away with the technic of studying individual plants in a heterozy- 
gous population. It is desirable for those workers who would like to 
use crossing methods but who do not have time for individual-plant 
studies. It is not so rapid as the Mendelian method. 

Technic of Harvesting, Thrashing, Etc. — Shght variations in methods 
are used by different workers. At Cornell rows of like kmd are taken 
to the thrashing shed and hung head down until thrashed. At the Minne- 
sota Station the straw is cut near the base, the bundles tied with the stake, 
labeled near the bottom, and the heads wrapped with a cheesecloth cover- 
ing. Bundles of the same selection are then tied upright to a stake and 
later taken to the thrashing shed when needed. The row trials at the 
substations are harvested by cutting off the heads. These are then 
put into cloth sacks and shipped to the central station. 

Several machines which can be cleaned easily have been devised for 
thrashing. The chief requisites of a machine to be used for experimental 
purposes are as follows: It should be easily cleanable and in so far as 
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possible there should bo no ledges or ridges upon which seeds may lodge. 
The alternate thrashing of different nursery crops is a desirable procedure. 
Each of the plots of one strain of wheat may be thrashed separately in 
rotation and then a strain of oats may bo thrashed in the same way. 
At the Minnesota Experiment Station winter wheat is thrashed alter- 
nately with barley, and spring wheat with oats. This plan helps materi- 
ally to reduce the inguing of accidental mixtures from the plots. 

Various machines have been made to assist in individual head and 
plant thrashing. A machine constiueted by II. W. Teeter, of the Depart- 
ment of Plant Breeding at (.'ornell (Love and C'raig, lOlSa), is very satis- 
factory. As no screen or fan is usesl, all seeds ar(5savcd. .Afterthrashing, 
the seed is passed through a wind bhust. This machine is so arranged that 
mixtures may be avoifl(Ml. 

Technic of Breeding for Disease Resistance. — I’hn importance of 
(li.sease-resis(.ant varicfi(;s of crops is reeogniKed (|uito generally, for the 
success or failure of a oroj) often is (h^ixmdeiit upon ils manms- of reaction 
to a particular padiogcuKi. In most hrcssling i)rol)lems it is essential to 
grow the experiim'ritai crop uud(S- normal conditions for the purpose of 
isolating the h<d.(,(S' sorts. In l»r(«!<ling for resistances t.o pathog(snic 
diseases, the organism whi(!h (^auscNS the disease must i-eceivo as much 
attention as the crop itself and some method of crf«iting an artificial 
epidemic of the diwwise must b(! evolvcsl. Because of the na(.ure (jf the 
problem, it appears tliat th()ro is an opportunity for a coor)erative attack 
on disoa.se resistance with the geneticist and pathologist in the major 
roles. 

Certain infomiation regarding tluj parasite which causes the disease 
in question is of primary importance to the breeder. Obviously, the 
constancy of the typo of reaction between parasite and ho.st plant Ls of 
major importance. Several years ago there vra,s some doubt in the minds 
of .many investigators Jis to the valueofcreatingdise!iso-re.sistant varieties. 
It frequently happtmed that a variety which appeansl nssistant one 
year was rather highly suscot)tible in a later trial. This was considered 
rather generally l.o bc^ the result of a change in the virulence of the panusite 
and some explained the results on the basis of a change induced in the 
parasite by a diffenmt host plant. Thu,s I’ohi JOvans (1911) .speak.s of 
a hybrid between resistant and susajptible strains of wheat which caused 
a change in the virulence of the parasite so that after living on the hybrid 
it was able to parasitize the r-csistant parent and to attack more vigorously 
the susceptible parent. Plant spoci(is which supposedly modified the 
virulence of the paiusito wore considered a.s bridging hosts. An oxplanar 
tion of these phenomena in agreement with rnodora genetic principles 
has been obtained. Extensive studios conducted primarily by patholo- 
gists have proved that many disease organisms are composed of numerous 
strains or physiologic races which are rather similar morphologically 
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but which differ widely in their parasitic capabilities. The development 
of this viewpoint has been gradual. It appears to be a natural viewpoint 
in the light of modern genetic principles. Numerous strains or physio- 
logic races of many disease organisms have been found. There are some 
reasons for believing that the individual physiologic races are as constant 
as higher plants. In studying the genetic phases of disease resistance 
the individual physiologic races of the parasite must be used. 

Methods of creating an artificial epidemic of the disease in question 
are various. For stem rust of oats where resistance is a dominant 
character and resistance and susceptibility are dependent upon a single 
factor pair, it is possible to grow 20 or 30 plants of numerous F 3 generations 
in the greenhouse and inoculate in the seedling state. The resistant 
lines can be determined by this means. 

For stem rust of wheat the various hybrids are grown in a rust nurseiy . 
Cultures of all available physiologic forms of rust are grown on wheat 
plants in the greenhouse and those are transplanted to the field and 
serve as sources of infection. Spraying with suspensions of rust spores is 
resorted to also. 

Spraying at about heading time with spore suspensions of Hehnin- 
thosporixm sativum and growing the barley cultures on the same soil year 
after year has proved satisfactory as a means of inducing an epidemic of 
the disease caused by this organism. 

For smut of barley, wheat, and oats, smut spores may be mixed with 
the seed sown. At the Washington State Station a teaspoonful of smut 
is mixed with 75 to 100 seeds which are then placed in a small screen 
and the spores not attached to the seed are screened out. 

In many disease-resistant studies, replication in the segregating 
generations has proved a valuable means of obtaining accurate knowledge 
of the breeding behavior. Thus two replicated Fs rows were used in 
studies of resistance to i?. sativum in barley for the Fz progeny of each F^i 
plant. Sinoilarly, in studying resistance to Puccinia graminis tntici 
in wheat, two rows for each segregating line are grown and those are 
planted at different periods so that accurate data can be obtained. If a 
good rust note is obtained from both replicates the results are averaged. 
In some cases it is desirable to grow short rows of the hybrids in different 
localities in the segregating generations. Thus Fs and F^ generation 
hybrids, which are being bred for resistance to black stem rust, are grown 
at St. Paul, Waseca, Morris, and Crookston in Minnesota, at Brookings, 
S. D., and at Mandam, N. D. 
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CLASSIFICATION AND INHERITANCE IN WHEAT 

Studies of genetics have led to the adoption of a particular meaning 
which is understood when an inherited character is spoken of. It is the 
final result of the iiiteriiction of many inherited factors phis the environ- 
ment. The factors are tlio inheritance anti the ultimate character is the 
manner of reaction under the si)eeial growing conditions to which the 
organism is subjected. What is inherited is the ability to react in a 
particular manner in a given place and not t,he character itself. 

Genetic Classification. — ( ’.kussification of cultivattid varieties of crops 
is made in much the same manner as thti botanical classification f)f wild 
species. With cirops, titere is as a. ruk* considcrabki (i.xperi mental (ividcnce 
of genetic relationshij). The ultimate aim of cj'Oj) classification should be 
genetic in order tiiat it may b(‘, of groatJest valii(>. < ioseness of relation- 
ship as dctermin<id by the (avs<! of crossing and the degree of sterility is 
frequently made the biusis of species groups in some* crops. In other 
crops no sterility is obtained in so-called species crosses. Only relatively 
stable characters which are not easily morlified under different environ- 
mental conditions are consiclorcsd of major classification value. 

After placing cultivated crops iji grouj>s which are roughly analogous 
to botanical specicis, the nejit stftp Is morci clearly to separate different 
categories of a lower order of classificidion. Thttse are the varieties. 
Varieties are not nec.essarily genetic (uitititis but. may be groups of similar 
forms which resemble each other more than individuals Ijolonging to 
another variety. All members of a variety are similar to each other in 
major botanical characters. 

Such a variety classification is of utmost importance. In the past 
the variety studios made in the. United States by tlic different experiment 
stations or the federal Department of Agriculture have not dways been 
comparable, as the same name luis been used to refer to widely different 
varieties. More dependable results can be obtained only by the atlop- 
tion of uniform variety names. Classifications of some crops have 
recently been made and in the next few years these will bo improved 
further. 

With self-fertilized crops, such as wheat, it is necessary to use pure- 
line varieties if the trials made at different stations aro to be comparable. 
It is recognized by most plant breeders that pure lines of the same variety 
frequently differ widely in yielding ability although this fact has not 
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received the attention that it deserves by agronomists who are not pri- 
marily interested in crop improvement. Tests conducted by Stadler 
(1924) and Wiggans (1925) furnish evidence which show that a so-called 
variety is not an agronomic unit. Variety classifications are a necessary 
first step, however, in varietal standardization. 

The central aim in crop-improvement work is to find or produce 
improved forms which when grown by farmers will excel in quality, 
productivity, or ease of handling. It is a decided advantage if the 
improved form can be distinguished from the varieties commonly grown 
in the locality by some botanical or morphological character difference. 
Kanred (Jardine, 1917) wheat is an example of a new variety with such a 
character. This variety, which was developed at the Kansas Station, 
belongs to the Crimean group of winter wheats. It gives larger yields 
on the average than Turkey or Kharkov selections and excels in resist- 
ance to some physiologic forms of black stem rust, Piiccinia gramitiiH 
tnhcij and of leaf rust, Puccima tnticini Its beak, ^.e., the extension of 
the outer glume in the form of an awn point, is longer than in the com- 
mon forms of Crimean winter wheat grown in Kansas. Marquis wheat, 
which is so widely grown as a spring wheat in the Northwest and 
Canada, differs m seed shape from other Fife wheats commonly grown in 
these sections. Forms belonging to the same variety may frequently 
exhibit differences in productivity and this may be the sole distinguishing 
character difference. Forms constantly differing from each other in one 
or more genetic factor differences which may be expressed as yield, 
quality, or disease resistance, or a minor botanical character and yet 
which belong to the same variety group, may be called strains. This is 
the lowest order of classification which can be adopted for seeded crops. 
With a self-fertilized crop the strain may also be a pure line in the 
original sense as used by Johannsen. With cross-fertilized crops the 
strain may be relatively pure from some particular character and may 
be heterozygous for other characters. 

Inheritance studies of many of the present farm crops have boon made. 
As crossing is the only means of inducing variation that can be carried 
out with success by the plant breeder, it becomes necessary to know 
how individual characters are inherited. It is true that yield is not a 
simple MendeUan character but is dependent on many inherited factors 
and their manner of reaction to the environment. At present, knowledge 
of inheritance may be used only as a guide in working with those characters. 
As a rule, the parental forms differ in botanical characters as well as in 
yielding ability. A knowledge of the mode of inheritance of each of 
these characters is essential to the rapid purification of a cross. 

It is not desirable in a text on plant breeding to outline variety classifi- 
cations in very great detail. As a rule the crops student will be familiar 
with such classifications before studying crop improvement. It seems 
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sufficient to indicate genetic relationship and to point out the characters 
which have been used. 

Wheat Species Groups. — From the middle of the last eentuiy until 
the present time numerous crosses between wheat varieties and also 
between species groups have been made. Extensive crossing studies 
have led Tscherinak (1914a, h) to conclude that the genetic relationships 
in wheat are as repi-esented in the following table. 

Several other spc^cif^s are dcjscribed V)y Percival (1921) and ^'■avilov 
(192(5) althougli the species given here are the oncis of most importance. 


TaHI.H XLVIIf. WlIKAT Sl’KOIKS 0nOt!l>S 


Group (‘onipositioii 

Einkorn fj;roup 

Paiinnu* j^naip 1 

Sp(‘ll ^roup 

Stem sp(‘cif‘H 

Spoil wh(‘ats 

T. (li'ijilopaidvH \ 

i T, (IlcncayUlvH j 

7'. HpvLla 

wild form unknown 

.. .. . 

■ - - 

■ — j 

. . — 

CuHival<‘<l forms 
GovtTcd s(‘('<l 

T, iHittttH'iHTtnn 

T. dicocetim 

T. .^pdla 

Cultival(‘<l forms 
Nakiul 

Unknown 

7’. fiirgvluni 

7’. polonUwtn. 

7’. fhn'iuH, 

T. nidipirc 

T. mnipaHum 


Crosses reportcul by 4’sohormak between the einkorn and spelt groups 
so far have i)rove<l wholly sterile, while the einkorn ommer crosses have 
proved only slightly fertile. Similar results have been obtained by other 
investigators, '’khe crosscss between tho coviired cimmei- types and the 
naked and covered spcilt forms or betwcum e.ovored and naked forms of tho 
Aminnr group wciHs partially fertile. Somewhat greater fertility was 
found in crosscis betweem T. polonlcum and the naked whccats of the spelt 
group, also betwcicm naked forms of tho ommer group and tho covered 
form of tho spelt group. Some of the hitter crosses .seonmd wholly fertile. 
Crosses botwoon nakcjd wheats proved wholly fertile. 

Vilmorin (1880 and 1883) concluded that spelt and common wheats 
belong to ono group and durum and turgidiim to another, for crosses 
between any form in tho first group with any form in the second group 
gave all cultivated forms of the spelt and ommer groups in later 
generations. Tschormak (1913) obtained similar results only from 
crossing solid- and hollow-stemmed varieties of tho respective groups 
and only obtained polonicurn forms when using polonicum as one of 
the parents. 

T. dieoccoides was reported as being found wild as early as 1885. 
Aaronsohn (1910) found many wild forms of T. dicocnoidex in Palestine. 
Love and Craig (19196) have produced T. dieoccoides synthetically by 
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crossing durum and common varieties, which indicates rather close gene- 
tic relationships between these forms. Aamodt and Levine (1925) 
compared the reaction to black stem rust of the synthetic wild form 
obtained by Love and of T, dicoccotdes. Both types gave similar reac- 
tion to several physiologic forms It is essential to point out that all 
crosses between the cultivated naked emmer wheats with naked wheats 
belonging to the spelt group are not entirely fertile. Indications of 



Fio. 27.— Wild wheat from Palestine and the New Hybnd Hero is shown a spikclot of the 
true wild wheat and one of the hybrid forms, {After Lime and C'raia, 1910.) 


partial sterility are generally apparent if the results are carefully analyzed 
(Kezer and Boyack, 1918, Freeman, 1919; Hayes and others, 1920). 

Sax (19216) has studied sterility in Fi species crosses using six species. 
These were T. monococcum, T. durum, T. turgidum, T. polonicum, T. 
vulgare and T. compactum. He based his results on the sterility of the 
Fi as determined by the number of seeds set per spikelet and the percent- 
age of sterile pollen grains. The results are presented in the Mowing 
table: 
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Table XLfX. — WTEurLiTV in Fx Si’BriEs CIkosses in Wheat 


T. rnonococciiw 

T. duram 

T. iurgidnm 

T. 'polonicuni 

T. vulgar 

Turgidmn X monocorcum 

Vulgare X turgidum 

Vulgare X durum 

Vulgare X 'polornrum 

Vulgare X vulgare 

Durum. X turgidum 

Durum, X polouieum 


(Iroup 

nuinlftT 

drains pf^r .spikohil. 

Per cent poor pollen 

Nuinbor 
of tests 

Avenif^e 
nurnher 
of j^rains | 

Nunif)er 

t(^sts 

Per cent 
poor 
pollen 

1 

1 

0.07 

1 

0.2 

2 

1 

2.01 

1 

1.9 

2 

1 

1 dXl 

1 

i.r> 

2 

1 

i.sr> 

1 

1.9 

H 

4 

2 

2 

1.1 

2 X 1 

1 

0 00 

1 

97.7 

:! X 2 

'» 

1 

1 

15.2 

:i X 2 

() 

0.72 

5 

15.7 

:! X 2 

2 

1 12 

2 

15.5 

;5 X :5 

a 

2 . 02 

J 

0 4 

2X2 

2 

2 .(;o 

1 

0.9 

2X2 

> 

1 2.01 

1 

i 

1 .2 


With the rosulifl of this experiment as u Inisis, Hax obtained the same 
groupiuK as Tschormak although t.lio sterility results were similar to 

those obtained at Minnesota. _ 

1. Einkom grouf): T. monociH'.cnm. All varieties cross fertile; 

sterile or only slightly fertile with eininer and spelt group. 

2. Eimner group: T. dimixiim, T. durum, T. turgidum, and f. 
j)olonicum. All species and varieties cross fertile; partially sterile with 
spelt group; sterile or slightly fertile with einkorn group. 

3. Spelt group: T. xpdki, 7'. v^are, and 7', rmirpuctum.. All species 
and varieties cross fertile; sterile with ehikoni group; partially sterile 

with emmer group. , ,n -i 

Blaringhem (1914) crossed einkorn with 7'. durum and F . turgidum 
and obtained Fi plants. Some seeds set on the F\ and in the later 
generations some plants were fertile. 'Tsehermak believed these seeds 
on Fi plants were the ro.sult of natural eroasing.^ 

Wheat species have been classified by Vavilov (1914) according to 
susceptibility to Puccinia triticim. The groups were similar to those 
obtained as a result of sterility studies. They arc as follows : 


Immunic 

T. ^nonococcurn 


Rewbtant 
dur um 

1 \ palonia tm 
1 \ turgidum 


1\ tnilgure (a f<^w immune) 
earn pactum 
ft'pelta 


T, dicoccum produced both resistant and susceptible varieties* 
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Zade (1914) determined three groups of wheat species as a result 
of serological relationships Results were determined by using a seiuni 
of the different wheats and determining the reaction with the antigen of 
the wheats of the same group and those of the different groups. The 
following method of procedure was used 

The extract of the different cereal species was prepared by grinding a 
quantity of seeds in a mill. For 10 grams of the meal, /5 cubic centi- 
meters of a physiological salt solution was used (0.85 gram NaCl to 100 
cubic centimeters H 2 O). A part of the extract was reserved and another 
part injected into a rabbit. Blood from the injected rabbit was then 
carefully filtered and to this blood serum various concentrations of the 
original solution were added. Three readings were taken: 

1. The number of minutes before a slight precipitation was observed. 

2. The number of minutes until medium precipitation. 

3. The number of minutes which elapsed before heavy precipitation 
was observed. 

In the following table only a concentration of 1*10 of the extract 
of the cereal meal on a physiological salt solution is recorded * 


Prcfipitated holution 


Strength of physiologi(*al 
salt solution of 1 10 

4 

T 

nwn 

dicoc. 

T, 

dur. 

i 

turg. 

T. 

pol 

T, 

apella. 

T. 

vulg. 

r. 

amp. 

T. monococcum 

1 

3 

4 

3 

3-4 

4 

3 

3 

T. dficoccum 

3-4 

1 

2 

2 

2 

3 

3-4 

3 

T. durum 

5 

2 

1 

2 

2 

3 

3-4 

3 

T, turgidum 

7-8 

3 

3 

2 

3 

5 

4-5 

5 

T. 'polonicum . 

6-7 

3 

& 

3 

1 

5 

4-5 

5 

T. spelia 

3-4 

3 

f 

3 

3 

1 

2 

2 

T, vulgare . , 

5-6 

3-4 

3-4 

4 

4 

2 

1-2 

2 

T, compaefum 

5-6 

4r-5 

4-5 

5 

4-5 

3-4 

3 

2 


The results of this experiment likewise place wheat species m three 
mam groups. 

The wheat groups were found to be separated in a similar way on the 
basis of pollen size (Sax, 19216). 


Name 

(Iroup 

Diainotor of 
pollen grains 
in microns 

Average 

Einkom 

Einkorn 

51 5 

51 5 

Ku]>anka {durum) ... . 

Kmincr 

55 5 

66 3 

Alaska (turgidum) 

Einiuer 

57.1 


Hybrid 143 (vulgare) 

Bpolt 

60.1 

60 2 

Marquis (mlgarc) 

Spelt 

60.3 
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The wheat species may be classified also on the basis of chromosome 
numbers. Various early w^orkcrs (Overton, 1893; Kornicke, 1896; 
Nakao, 1911) reported eight as the haploid number in T. vulgare. In 
1918 Sakamura reported the following chromosome numbers for each of 
the important species. 


T. vvlgare 

T. convpaclum. 

T, S2>clta 

T, turgid um . . . 

T. durum 

T, 'polonicwtn , . 
T. dicoccurn . . . 
T. momcocvuin 


42 diploid 
42 diploiil 
42 diploid 
28 diploid 
28 diploid 
28 diploid 
28 di])loid 
1 I diploid 


jrroup 


Kniiiic'r piroup 


Mirikoni fjiroiip 


These counts have been verified by Sax (1921a), Kihara 0919, 
1921, and 1924) and Watkins (1924). Kihara (1924) found that Mie 
species of Aegilo-ps contained 28 chromosomes, while Percival (1926) 
found three groups of species of aegilops with 7, 14, and 21 chromosomes 
haploid, respectively. 

Chromosome Behavior in Wheat Species Hybrids. — Typ(^ oxmnplos of 
chromosome behavior in crosses between related specic^s whi<^h differed 
in chromosome numbers were given in the chai)ter <mtitled Plant Oiomdiics. 
Fairly extensive studies have been mad(5 of chromosotm^ Ixihavior in 
wheat species crosses and between crosses of Trilknni species with 
Aegilops cylindrica and with cultivated ryo. Sonic of the more interest- 
ing results will bo summarized. In crosses between wintcir rye, which 
contains 7 pairs of chromosomes, and Triiicum luRgaro which were studied 
by Kihara (1924), the somatic number of Fi was 28 as would brj expeettid. 
In diakinesis there was only a very loose afiinitybetwcHni th(^ chromosomes 
of wheat and of ryo and 7 complete })ivale3d.s wore not found although 
in one case 3 bivalent chromosomes w<u‘c obs(U‘ve(L All of tlui univalents 
do not divide cquationally in the heterotypic division and division both 
at the heterotypic and homotypic stagers is veiy irregular. In contrast 
with this, fairly uniform resultKS were obtained in both the heterotypic 
and homotypic stages of the Fi generation of crosses b(^tw(Hm T, dfmxum 
and r. vulgare. The Ft plants contaiuo<l 37) chromosomes. Tiie 14 
chromosomes of dicoccurn paired with 14 of vulgare making M bivalents 
and there remained 7 univalents. In the lietorotypic division the biva- 
lents separated and 14 chromosomes passed to either pole. The seven 
univalents split longitudinally and passe<l to cither pole, thus producing 
daughter cells containing 21 chromosomos. At the homotypic division 
the 14 univalents which formerly were moTnbers of the 14 bivalent group 
divided longitudinally and passed to either pole. The remaining 7 
univalents which already had performed their equational division passed 
at random to either polo. The daughter cells contain 14 to 21 chromo- 
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somes and the frequencies with which each of the numbers will be pro- 
duced are given by the expanded binomial (1 + l)"^. 

Gaines and Aase (1926) have summarized chromosome relationships 
in wheat species crosses in a very interostmg manner. The summary 
given here is quoted directly from their paper: 

It seems significant in this connection that when Triticvni monococcum L. (var. 
Hornemanni Kcke ) with 7 chromosomes is crossed with T . turgidum L 


TRITICUM TURGIDUM TRITtCUM VULGARE AEGILOPS CYLIHDRICA 



Fig. 28— Diagram illustrating hypothetical relationships of chromosomofl. The 7 
chromosomes in set a and the 7 chromosomes in set b are present in both Triticum vulgare 
(21 chromosomes as the haploid number) and in T. turgidum (14 chromosomes). Jho 7 
chromosomes in set c are present m T, vulgare and in Aegilovf> cylindrica but not iiilnticum 
turgidum The 7 chromosomes in sot d are present m Aegilops but not in either T. vvXgaic 
or T. turgidum, A 2i-chromosome wheat X a 14~chromosome wheat gives nse to sporo- 
cytes with 14 paired and 7 unpaired chromosomes (lower left) . A 21-chromosomo wheat X 
Acgilops cylindncu gives rise to sporocytes with 7 paired and 21 unpaired chromosomes 
(lower center. Acgilops cyliudricu X Triticum turgidum gives nse to sporocytes with 28 
unpaired chromosomes (lower light). 


(var. pseudO’^ccTviuuyi'h JKlcke.) cliaracterizod by 14 chromsomes, all the 7 chromo- 
somes of T. monococcujn find synaptic mates. When T, vulgare (or other wheat 
with 21 chromosomes) is crossed with T, turgiduTn (or other wheat with 14 chromo- 
somes), all the 14 chromosomes of T. turgidum find synaptic mates (Sax, 1922). 
When Triticum vvlgare is crossed with Aegilops cyliudnca, with 14 chromosomes, 
only 7 of the Aegilops chromosomes find synaptic mates (Text, Figi 45; also Sax 
and Sax, 1924). When Aegilops is crossed with T. turgidum L. (var. Pliniavum 
Kckc.), none of the Aegilopa chromosomeH find synaptic mates (research in prog- 
ress). These facts suggest the hypothesis illustrated by the diagrams in the text 
(Fig, 28) . It is here supposed that the gametes of the 21-chromosomG wheats con- 
tain three dissimilar sets a, 6, and c, of 7 chromosomes each. Two of those sets, a 
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and 6, are duplicated in T. twgidum, and tlie third .set, e, is duplicated in Aegilops 
cylindrica, but missing in T. turguhim. Aegihjpn and T. tnrgid-im have no sets in 
common. Thus when a 2l-chrc)mosome wheat is cros.sod with T. turgidum, the 
chromosomes in sets a and I pair, respectively, but the chromosomes in set c, 
finding no synaptic mates, remain unpaired. When the 21-chrojnosome wheat is 
crossed with Aegilops, the chromosomes in set c pair and chromosomes in sets a 
and b, lacking synaptic mates, remain unpaired, and for the same reason the 
chromosomes in set d of Aegilops remain unpaired. When Aegilojjs is crossed with 
T. turgidum, all the four sets of chromosomes are dissimilar, and hence no homolo- 
gous mates are present and pairing can not take place. 

Thompson (1926) obtained similar results and, in addition, he believes 
that the 7 chromosomes haploid of rye belong to a different set from those 
of the Triticum and Aegilops genera. 

Crosses between Aegilops and Triticum. — Leighty, Sando, and Tay- 
lor (1926) have reviewed the literature of A cgilops and Triticum crosses. 
They have likewise presented the results of an c.xtensive series of experi- 
ments of crosses between species of Aegilopn with various wheat simcies. 
Fi plants were matured from each cross of Aegilops and Triticum species 
(or subspecies). These F\ plants were highly self-sterile although slight 
self-fertility was obtained. Backcro.sses of the F\ generic hybrids with 
wheat were made. These hybrids, often called A, speltneformis by 
earlier writers, were partially self-fertile. Among the intere.sting features 
of AegUops-vrhQ&t crosses are the instances of natural hybridization of 
Aegilops and Triticum. Percival holds the view that Triticum vulgare 
and its allies may have descended from cro.sHes of Aegilops and the so- 
called durum series. It will be remembered that Gaines and Aaso 
(1926) have concluded that T. vulgare has two series of 7 chromosome 
groups homologohs with members of the emmer series, that Aegilops 
cylindrica and T. vulgare have one series of 7 chromosomes in common 
and that Aegilops and the emmer scries have no chromosomes in common. 
Thus, for example, when Aegilops and T. turgidum are crossed all four 
set of chromosomes are dissimilar; no homologous mates are present 
and pairing cannot take place. 

Tschermak and Bleier (1926) have observed several ca,ses of fertile 
constant breeding hybrids of crosses between Aegilops ovata with T. 
dicoccoides and T. durum. These resembled the sterile hybrids usually 
obtained from such crosses. From cytological studies it was decided 
that they contained 28 pairs of chromosomes which is double the number 
of the two parents. Tschermak and Bleier believe this lends weight to 
Percival's view. . 

Crosses between T. Durum knd T. Dic(K;cum Wheats with T. Vulgare. 
Varieties of durum and dieoccum are frequently more resistant to diseases 
such as black stem rust, caused by Puednia graminis iritid than members 
of the vulgare group. Durum wheats also are thought to be more drouth 



.170 


BREEDING CROP PLANTS 


resistant than varieties of vulgar e. The question of whether valuable 
characters of the 14-chromosome group can be combined with the char- 
acters and chromosome number of vulgare wheat is of much importance 
in plant breeding. Sax (1923) doubts the possibility that rust resistance 
can be transferred from varieties of T. durum to T. vulgare by crossing 



Fig. 29.— Upper group from loft to rigKt. Face and side views respectively of lumillo 
durum (C. I., 1736), Fi lumiUo X Marquis, and Marquis The Fi spikes are intermediate 
m density, have tipped awns and the outer glumes are keeled although not so strongly as 
lumillo Lower group, left to right, face and side views respectively of Bmmer, Minn , 1165, 
Fi Emmer X Marquis, and Marquis. The Fi approaches the Emmer in some spike 
characters and has tipped awns. 

and apparently favors the hypothesis that rust resistance is frequently 
dependent in species hybrids upon the "physiologic condition of the 
host.” In studies conducted by Sax, atecurate correlated data of various 
morphological characters, chromosome numbers, and rust resistance 
were taken. The number of plants worked with was small and not exten- 
sive enough to warrant a conclusion as to the possibilities of transferring 
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Fio. 30. — Represontativo spikosof Fs familioBof tho cross between Durum and Marquis, 
Upper four groups, F 3 families which wore classified as durums, Note that they represent alt 
types of spike density. Lower loft, spikos of an awnloss F® Emmer family. Lower right, 
four spikes of an F® plant which resembled oommon wheat in si)iko shape and which proved 
rust resistant. 
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characters from durum to common wheats. Other characters, moreover, 
such as gram color, can be transferred from 14-chromosome wheats to 
the 21-chromosome group and rust resistance and susceptibility are 
conditioned by genetic factors. Thompson (1925), in a similar study, 
found that resistance to rust could be transferred from durum to common 
wheats although the common wheat segregates were not as resistant as 
the durum parents. Thompson found that the vulgare-like segregates 
commonly showed one or a few durum characters. 

Rather extensive studies have been conducted in Minnesota (Hayes 
and others, 1920, 1925) in attempts to transfer the rust resistance from 
durums to common wheats. From crosses of Marquis, T. vulgare X 
lumillo, a variety of T, durum j a homozygous vulgare selection with 21 
pairs of chromosomes has been obtained and named Marquillo. This 
new variety is rather rust resistant although in this respect not the equal 
of the lumillo parent. Furthermore, it appears from crosses of this new 
variety with common susceptible wheats that the rust resistance of Mar- 
quillo is dependent upon at least two main genetic factors, these factors 
havmg been transferred from lumillo. This new variety appears about 
the equal of Marquis in milling and baking quahties although it is rather 
susceptible to root rot, a character obtained without doubt from its 
durum parent (Hayes and others, 1926). 

In a cross between Mindum, T, durum, and Velvet chaff, T, vulgare, 
a homozygous segregate which appeared to be a vulgare wheat was obtained 
which was highly resistant in the seedling state in the greenhouse to two 
physiologic forms of rust to which Mindum was resistant and vulgare 
wheats commonly are susceptible. 

McFadden (1925), in South Dakota, has studied large numbers of 
plants of a cross of a resistant emmer, T, dicoccum, and Marquis. Com- 
mon wheats have been obtained which have proved highly resistant for 
many years in his plots. One of these was grown in Minnesota in 1925 
and proved very highly resistant. From counts made by Griffee they 
are known to belong to the 21-chromosome group. 

' These results prove conclusively that rust resistance can be trans- 
ferred from durum and dicoccum wheats to the 21-chromosome group. 

Inheritance of Milling Quality. — It is generally recognized that mill- 
ing quality is dependent upon genetic factors but the number and nature 
of these factors is unknown. Environmental conditions influence the 
expression of these factors so profoundly that a study of the inheritance 
of milling quality is almost impossible. Farrer, one of the earliest breed- 
ers to study quality, recognized and often stated that milling and baking 
quality was an heritable character. Various wheat breeders, including 
Biffin and Engledow (1926) in England, Saunders in Canada, and the 
Howards in India agree that milling quality is an heritable character. 
There is every reason to conclude that good milling quality can be com- 
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bined with other desirable characters by crossing and selection. It 
was observed both in England and in India that varieties which differed 
in baking qualities tended to retain their same order of flour strength at 
different stations. It is a matter of common knowledge that some Ameri- 
can varieties of wheat are consistently better in milling and baking quali- 
ties than others. Zinn (1923) has analyzed much of the published data 
of milling and baking quality and of other chemical characters of Ameri- 
can wheats. He found a strong correlation between the amount of 
crude protein in the wheat and in the flour. Loaf volume, as determined 
by experimental baking trials, was rather highly positively correlated 
with protein content. While protein content is dependent upon inherit- 
ance, environmental conditions strongly influence its development. 
Clark (1926) has attempted studies of the inheritance of protein content 
and believes that protein is dependent upon genetic factors as well as 
environmental conditions. His results serve to emphasize the difficulty 
of studying the inheritance of such characters. 

T, Polonicum Crossed with. Other Species. — CrosH(\s }>f^t\voon polomcum and ofclK^r 
forms have been studied. Tsehormak (1913), in a cross polomcum and vul- 

garCj explained the results by two main factor difh'HMifuw. Tlui Fi was of int<irm(Kliato 
glume length and in F^ polonicum, durum., and vulgarc forms were obtaincid as wctll as 
intermediates. Pure poloniamn was consukinid to contain two dominant factors in 
the homozygous condition; durum, one dominant fa('tor pair in thci homozygous 
condition; and the pure vulgare forms, both factors iii the recesHive condition. 

Engledow (1920, 1923) studied tlio inheritances of glume length in a (jross of Polish 
wheat, T. 'polonicum, with Kubanka, durum. Tin*, ratio for glume hmgth classes in 
Fi approximated 1 long: 2 intermediates:! short. The e.'ctra(*t(d Polish types 
averaged 20 per cent shorter for glume length than lh(‘ Polish parent and th<i durum 
segregates produced sonu^what longer glunuis than Kubanka. A genetic! (txplanation 
of this result was not found. 

Polonicum (Backhouse, 1913) crossed with durum or iurgidum gav(^ intermc^diate? 
glume length in Fi and segregation in Fi in a ratio of 3 loiigs and iutertnedialt!H : 1 
short. Biffen (1916) and Backhouse in separate studies consid(T(!(l the fa(ttor f<»r 
polo7Licum glume to inhibit chaff pubesccuuje and ffolor. In a cross bt^twoen durum 
(Kubanka) with a polonicum variety, the Fi s(!gregated for giunu! lengili and hairy 
chaff. The short-glumcd plants were in a ratuj of 3 hairy; 1 smooth, whihi the long- 
glumed plants were difficult to chwaify for condition of chaff. C^Vosses of difftjrent 
long-glumed plants with other wlu'ats showed that a part of thes<} long-ghuned wheats 
contained a genetic facitor for hairy cliaff. Results were expIairuMi on the hypothesis 
that the factor for long glume partially inhibiicid devcjlopmcnt of hairy chaff. >Similar 
results were obtained by Biffen (1916), for inhibition of glunu! color by the 'imhnimm 
factor for glume length. 

Some Linkage Results in Wheat Crosses. — ^In crosses between the different spe<jies, 
some evidences of linkage have been observed. In turgviunhvulgare cross<!H, Biffeui 
(1905) obtained complete linkage of gray color of glumt^s with hairy chaff. Engledow 
(1914) crossed a bla<jk-glumed wheat obtained from a turgidmnr^fiio cross with a rough- 
. chaffed, white-glumod variety, Essex Rough Chaff. The ratio obtamed in Fi was 
explained on the basis of repulsion between the factors for black glume color and those 
for hairy chaff on the 1:3:3: 1 scries. Kezer and Boyack (1918) obtained com- 
Vlete linkage of black and hairy chaff in a cross of black winter emmer with a smooth^ 
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white-chaffed winter wheat (T, wlgare) Freeman (1917) obtained some correlation 
between a high ratio of width to thickness of spike and hardness of grain in crosses 
between T durum and T. vulgar e He considers, however, that numerous factors are 
necessary for the development of these characters. 

In crosses between members of the 14-chromosome group with members of the 
vulgare group certain characters which differentiate these groups such as gram quality, 
type of keel of the outer glume, spike density, thickness of neck, etc tend to be linked 
although Thompson does not believe the correlation to be absolute. 

Nilsson-Leissner (1925) has studied crosses between T, spelta and T vulgare The 
so-called spelt characters, brittle lachis, 2 to 3 kemeled spikelets, thick, blunt, firmly 
closed outer glumes, prominent veins, and comparatively lax eais appear dependent 
upon a single gene or a closely linked gene complex Genes which modify length of 
intemode also effect degree of speltmg In the Fi of the cross between tipelta and 
vulgarCf there appeared to be a linkage between the spelt factor and the factor for awns. 
The F 2 ratio was as follows: Speltlike awnless, 368 speltlike awiied, 153 vulgaie^ 
awnless, l^Siivulgare^ awned, 36 In and similar results were obtained and 
some lines agreed well with a coupling senes while others were m the repulsion phase. 
The segregation classes agreed well with a crossing-over percentage of 35. Kajanus 
(1923) obtained similar results. 

A fairly definite linkage in wheat has been reported by Gaines and Carstens (1926). 
The linkage was found m a cioss of Velvet Node, a bearded variety with a hairy node, 
with Hybrid 128, an awnloss vaiiety with a smooth node. The calculated crossing- 
over percentage was 5 2 

Spike Density. — Compactness of spike, color of seed and chaff, texture of seed, 
and presence or absence of awns are frequently used in wheat variety classification 

Nilsson-Ehle (19116), m crosses between compact and squarehead (middense) 
wheats, obtained compact forms in Fi and segregation into compact, middense and 
lax m Fa. He explained the results by supposing the mam factor differences to be as 
follows * 

Swedish Club (compact) CCL 1 L 1 L 2 L 2 
Squarehead cchlikU 

The C factor was considered to inhibit the expression of the lengthening factors 
Lj and L 2 , and also to produce spikes with short internodes While these factors 
gave a satisfactory explanation of his crosses Mayer Gmelin (1917) showed that they 
did not explain the production of compact-spiked forms which he obtained from crosses 
of spelt (lax) and Essex Velvet Chaff, which is middense. In F 2 generations grown 
from individual plants of a cross between white spnng emmor and Marquis, studied 
at the Minnesota Expenment Station, a very common sort of segregation was from 
lax, keeled, speltlike wheats to compact, keelless, naked wheats. This might indicate 
that spelt wheats contain a compact factor which is prevented from expression by 
some other genetic factor. 

Crosses between compactum and T, vidgare by Spillman (1909) and Games 
(1917) have shown one main factor dififorence for compactness. Parker (1914) made 
careful measurements of internode length in crosses of wheats belonging to T, com* 
pactum with those of vulgare. He was able to demonstrate segregation but found 
the condition very complex. Results of this nature have been satisfactorily explained 
by the multiple-factor hypothesis. The number of factors involved cannot accurately 
be determined. Nilsson-Ehle, likewise, states that, besides the main factor differ- 
ences, there are other minor factors which mfluence spike density and account for a 
wide range of homozygous forms. 

Stewart (1920) studied crosses of Sevier and Federation, varieties of T, vulgare, 
Sevier is somewhat more dense than Federation. The nature of the F 2 segregation 
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was determined by studying the progeny of individual Fi plants selected at random. 
Homozygous lax, heteroz 3 ^gous, and homozygous dense forms occtirred in the ratio 
1:2:1. The dense forms were more dense than Sevier and the lax forms more lax than 
Federation. Only a very few forms were similar to the parents and no homozygous 
strains of intermediate density between the parents were obseiwed but the number and 
nature of the minor modifying factors, if such occurred, wore not d(;termined. 

Seed Characters. — Color of seed, which results from a brownish, red pigment in 
one of the bran layers (remains of nucellus) has been quite consistently used m variety 
classification. This is a plant character and not, thert^foro, iniuKuliatcly affected by 
pollination. Red is dominant over white and in the second geivu-ation a ratio of 3 
red-seeded plants:! white-seeded plant is often obtained. Nilsson-Ehlo (19n/>) 
was the first writer who reported crosses which in F^ gave 1/5:1 or (53: 1 ratios of red- 
and white-seeded plants. The Howards (1912), in India, have obtained 63:1 ratios in 
crosses of American CUub with pun^ lines of Indian wheats, and (laines (1917) in 
Washington, has obtained similar results koin a f*ross })etw(*en Blll(^st,(nn (nd seed) 
and Brown’s Glory (white club wlicjit). Nilsson-Elile obtained a ratio of 15 red- 
seeded plants:! white-seeded plant from a cross of two r(ul-H(^(ided varic^ties. I^he 
inheritance of this seed color has betm explained by one or nion^ Mendr^lian factors, 
each when present giving red and when absent whiit^. Thi^ factors an^ separately 
inherited, each when homozygous prodmang somewhat darkt^r mlar than wh(*n hetero- 
zygous. They are also cuinulativ(^, two factors giving a darbir color on tlu^ averag(i 
than one of these factors alone. It is impo.Svsil>le 5 by insi)ecti<)n, to determine how 
many factors arc responsible for a particular vjirietal s(j(id (?olor. 

Harrington (1022) concluded that Kit<^h(*.ncr (?ontain(t<l two indopeiuhmtly inher- 
ited factors for grain color, while sojn<5 strains of lied Bobs and Hard Red (Jaleutta 
contained two and others one. 

Hayes and Robertson (1924) found that Marquis contained two indcjpcndentiy 
inherited factors for red-grain dolor and that these were indepetudemfe in iTihcritanco 
of the factor for rod-grain color carried in Kanrc^d and Minturki winter wheats. 

Texture of seed has also bo(wi used in varietal cIaHsifi(aitian and is a character 
which determines to some extent the market class in wluclx th(J variety will b<^ placed. 
Biffen (1916) found immediatii effcjct of pollination in a cross of Riv<d», a hard-seeded 
turgidum with pollen from a soft Polish vari(*.ty. The Fi gem^ratiou plants jxroduced 
hard seed and the F 2 segregated into hard- and softr-s(^eded plants in a mtio of 3:1,. 
The Howards (1915) obtained an intermediate eonditiori in Ft plants atid a 1 : 2:1 
ratio in Fz in crosses britwoon hard- and Hoft-sec^dtsd strains, Fn^oman (1918) crossijd 
hard-seeded duruins witli T, tmlgavG^ vari(‘ty Honora, a soft-soodc^d wheat. The Fv 
plants produced hard, ititorm<Hliato, and soft seeds. hard s(‘.eds of the Fi tended 
to give more hard-seeded plants in F 2 , and the. soft-secuh^d tendcul to give more soft- 
seeded plants. Freeman carried the stvidy through F 4 . Hes (^xpIai^od his result^} on 
the basis of two factors for starchiiuiss, each inheritc^d iiuhipcmdently. He sup- 
posed each to produce half as much soft starch when hetcjrozygous as when homo- 
zygous. As the endosperm is the result of the fusion of two polar nuchn with one of 
the male generative nucku, there may be a range of from none to six factors for 
starchiness of the endosperm. This asstimptuxn was shown to explain rcisults quite 
satisfactorily. The above starchiness is believed by Freeman to b(i quite different 
from the well-known '^yellow berry^' of wheat. Nurncjrous work^^^s have shown that 
varieties and strains differ widcjly in the amount of “yellow berry” when grown und(jr 
the same environmental conditious. Texture of seed is, however, a character which 
is quite easily modified by unfavorable environmental conditionB. 

Chaff Characters.---Thore are a number of different intensitios of the chaff color. 
In some cases a deep brownish-rod color is present, in other cases a light brownish- 
red, and frequently the outer glumes have dark brownish-rod striations on a slightly 
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colored or colorless background Biffen (1905)^ studied crosses between so-called 
red and colorless an d obtained red or reddisb color in F i and a 3 . 1 segregation of colored 
to colorless in F^. Kezer and Boyack (1918), in winter-wheat crosses in which the 
parents differed in chaff color, obtained mtcmiediate color in Fi and segregation m a 
3 : 1 ratio m F^* Simple ratios in varietal crosses have been reported by others for this 
color character. As there are different intensities which are Quite uniform in inherit- 
ance, it seems reasonable to conclude that there arc different factors^ in different 
varieties for brownish-red color. In a duTUYnrVulgoA c cross, Love and Craig (1918<z) 
obtained in Fi an indication of a 15. 1 ratio for brownish-red and colorless chaff 

Besides the chaff colors there are awn colors. The Howards (1915), in India, 
obtained a ratio in jP 2 of 3 45 black-awned- 1 colorless in a cross between Indian wheats. 

Hairy chaff is a varietal character of considerable classification value. The 
Howards have made extensive studies of this character. Under linkage relations a 
number of cases were given in which hairy chaff was correlated with glume color. 
Henkemeyer (1915) reports different crosses, one in which hairy chaff is correlated with 
white chaff and another in which these characters are mdepcndently inherited. This 
leads one to suspect that there are two kinds, either of hairy chaff or of chaff color 
The Howards have been able to demonstrate two kinds of hairs on the glumes of 
Rivet wheat. Two Indian vaiietios were likewise studied. Each produ(?ed hairy 
chaff, but differed in the sort of hairs produced. In crosses between these varieties, 
ratios of 15 pubescent: 1 smooth were obtained in F 2 , 

Presence or Absence of Beards. — ^Wheats have been classified as boarded and 
awnless but this is not genetically correct. The awn is an extension of the flowering 
glume. The common wheats, like Marquis and Bluestcm, are not truly awnloHs for 
there is a short extension of the awn particularly in the spikolets at the top of the sjiikc. 
Ratios of 3: 1 have been obtamed generally in crosses between boarded and so-called 
awnless (tip-awned) wheats. The Howards (1915) explamed the inheritance of these 
characters by supposing two factors, A and B, to be present m a homozygous condition 
in bearded wheats. They have found two kinds of very short-awned wheats, one like 
the tip-awned Marquis or Bluestcm, and the other with somewhat longer tip awns. 
Each of these varieties was found to contain one of the factors A or B in a homozygous 
condition. In crossing a tip-awned wheat like Marquis with bearded varieties, the 
Ft generation, as a rule, shows an extension of the tip awns and it is frequently possible 
to separate these Fi plants from the tip-awned parent. In crossing bearded-with true 
beardless, the Fi is apparently beardless and there is a range in from completely 
bearded to awnless. Fully bearded plants brood true for this character. 

Other workers have used a two-factor hypothesis to explain the segregation in 
crosses between awnless and bearded varieties. In some cases it is believed that there 
are modifying factors which affect the expression of the main factors (Clark, 1926) 
Stewart explained his results by supposing that the two main factors for beards were 
linked. It is apparent that the inheritance of presence and absence of awns and of 
intermediate types is more complex than it was thought to be formerly and further 
study of the problem is necessary. 

Inheritance of Disease Resistance. — ^Biffen (1907a, 1912, and 1917) has found 
that the inheritance of host reaction to stripe rust, Puednia glumarum^ m a simple 
Mendelian character. Susceptibility is dominant over resistance and in Fi, ratios of 
3 susceptible: 1 resistant are obtained, Nilsson-Ehle (1 9116) in a similar study found 
the Ft generation resembled the susceptible parent in some cases, the resistant in 
others, and was intermediate m still others Complex segregation for resistant vmun 
susceptible forms was obtained 111 later generations. Results were explained on the 
multiple-factor basis. Armstrong (1922) found that the Ft of a cross of a resistant 
and susceptible variety was of an intermediate nature. Resistance and sus<?eptibility 
appeared to be dependent upon a single-faotor pair although genetic factors for other 
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plant characters apparently modified the expression of the factors for resistance and 

*£ Stakman and others (1919-1922) have shown the probable reason for 
conflicting reports regarding inheritance of resistance l.o black stem rust of wheat 
Puccinia graminw tritici. They have demonstrated the fact that there arc a number of 
nhvsiological or racial forms of rust roughly analogous to pure hues. These forms 
can be differentiated only by thtnr specific reaction to pure-line wheat varieties. 
Studies of their constancy indicate that they arfi not easily modified, %.e., that the 
parasitic reaction of each form is constant. As has been noted it appears possible to 
tonsfer the rust resistance of T. durum and T. dicoccum to T. vulgare by suitabl. 



Fig 31 — -Rosistanco of paronts aixd croHsos to a wtraio of stem mat. From loft to 
Culms of resistant Dunim wheat; F, of Durum X Maniuia, stiHoeptihlo ; Marquis, suseopti- 
blo; Fi of Emmor, Minn. 1165 X Munpiis, uh rosiHtant as the Durum varietiOB; Emmor, 
Minn. 1106, a very resistant variety. 


As there are many physiologic races of runt which can l )0 differentiated only on 
the basis of their redaction upon parti(5ular wheat varitities, it HCMjms retwouable to 
expect numerous genetic factors wluch condition resistaiico and Husceptibility. In 
some cases resistance and immunity are dominant to suBiteptibiiity and in other 
crosses susceptibility has been found to be dominant to rcHistance. 

Several crosses have been carefully studied where the parents reacted in a recipro- 
cal manner to two physiologic races of rust. These comprise cirossos of duruin X 
vxdgQ>T€j duTUTTi X duT'UfUf and vulgotte X vulgciTe, In catih case varieties wore obtaiiusd 
which contained factors for resistance or immunity to both rust forms and other 
varieties which were susceptible to both (Puttick, 1921 ; Harrington and Aamodt, 1923 ; 
Hayes and Aamodt, 1923 ). 
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There are fcwo sorts of resistant varieties Some varieties are highly resistant 
in the greenhouse in the seedling state and these varieties, when mature, are resistant 
to the same physiologic forms of lust under held conditions. Some vaiioties, however, 
are rather susceptible in the seedling state in the greenhouse to certain physiologic 
forms but they may be highly resistant to these same forms undci held conditions 
when approaching maturity. The resistance in the seedling state is believed to bo 
physiologic in nature, while there is some evidence that the resistance of plants when 
approaching maturity is dependent upon morphologic characters (Ilursh, 1924). 

Kanred, a winter-wheat variety of the Crimean group, is immune from 11 physio- 
logic forms of rust and highly resistant to 9 others The immunity ol Kanred is a 
dominant character in crosses and dependent upon a single factor pair ( Aamodt, 1923) 
If resistance to several physiologic races is controlled by a single genetic factor, the 
problem is simplified greatly (Hayes and Stakman, 1922). 

There is some evidence that the field resistance of Marquillo (the 21-chromosome 
segregate, from the cross of lumillo and Marquis) to many and perhaps all physiologic 
forms IS dependent upon two main pairs of factors and that these are indepond(}nt in 
inheritance ol the factor for immunity carried by Kanred The resistance of Mar- 
quillo and of Kota (the rust-resistant variety of T, vwZsrme produced from a plant selec- 
tion at the North Dakota Station), moreover, appears to bo dependent upon different 
factors since Fi crosses of Kota X Marquillo are preponderantly susceptible although 
resistant types can be recovered. 

Claines (1918, 1920, 1923, 1925), Gaines and Singleton (1920), and Briggs (1920) 
have studied the mheritanee of resistance of wheats to bunt or covered smut caused bv 
Tilleha inha. The method used in studymg bunt resistance was to blacken the seed 
with smut spores just before planting and study the individual crosses and strains 
in the segregating generations by the individual-plant method Some wheats such as 
Martin, Hussar, and White Odessa are bunt free and are considered immune. Turkey 
and Florence are highly resistant Forty Fold and lied Russian are slightly resistant. 
Most broad wheats are susceptible. Crosses between susceptible varieties have given 
only susceptible offspring while crosses between resistant varieties have shown trans- 
gressive segregation and from such crosses lines have been obtained which lircd true 
for either immunity, resistance, or susceptibility 

Susceptibility is generally dominant to resistance while crosses of the immune with 
the susceptible arc resistant in Fi. Gaines has studied over 25 separate crosses and 
explains the results obtained in each on a multiple-factor basis On the other hand 
Briggs explained the results of one cross between immune and susceptible varieties 
by a single dominant factor for immunity. 

Spring versus Winter Habit. — ^Various investigators have studied the inheritance 
of spring versus winter habit of growth. Ttmo winter wheats, when planted in the 
spring, fail to head, as a rule, although in northern climates, where the day is long, they 
may shoot late m the season. Recent investigators of the mode of inheritance of 
spnng versus winter habit of growth have found that spring habit is a dominant 
character. Cooper (1923) explained the results of two crosses of spring versus winter 
wheats on a monohybrid and dihybrid basis, respectively, while Nilsson-Leissner (1925) 
obtained an approximation to a 15 1 ratio of spring versus winter types m F 2 . Vavilov 
and Kouznetzov (1921 ) and Aamodt (1923) obtained a complicated segregation in and 
later generations and were not able to explain their results on any simple factor basis. 

Spring wheats in general arc loss winter hardy than tnie winter wheats although 
some spring wheats, when they are planted in the fall, are much more resistant to 
winter injury than others. Winter hardiness and cold resistance are not necessarily 
the same thing. For example, winter wheats which are most hardy in Minnesota do 
not oxcell in winter hardiness in West Virginia. It is believed that these wheats are 
cold resistant but are injured by other (‘.auses in West Virginia. 
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Inheritance of Other Characters— Nilsson-Ehle (I9llc, 1912) has shown that 
winter hardiness is inherited in much the same manner as other characters. Segre- 
gation occurs in F^ and types can be produced in later generations which arc homozy- 
gous for different degrees of winter hardiness, drosses made (Hayes and Garber, 
1919) in 1902 between hardy Odc.s.sa winter wheat and Turkey varieties were bred for 
several years by continuous selection methods. Ode.ssa is a late-maturing variety and 
does not give a liigh yield in Minnesota. Turkey is a desirabh* winter wheat in 
many sections but it lacks hardiness under Minnesota conditions. Two early matur- 
ing wheats when grown in Minnesota, Minhardi and Minturki, have been produced 
from the cross between Turkey and Odessa. These new varieties excel in winter 
hardine.ss and yield. 

Earliness in Wheat. — Several investigators have studied heading and nponing 
periods in wheat crosses. Thompson (1918) foiind that the Fi generation was about 
as late in maturity as the later parent. Crosses wen- studied b(;i.w('on many paira of 
wheat varieties differing by many degrees in period of heading and ripening. Each 
Fi generation formed regular curves of probability with intermediate moans, 'rho 
multiple-factor hypothesis c-xplaincid the results satisfactorily when oarh crass was 
considered separately but when all combinations of cro.s.scs were considered together 
the results wore not so easily explained genetically. Florell (U)24) states that other 
workers have found an intcTinc^diate period of ripening in /'h but inclined toward one 
or the other parent. Florell placed his Fi generation in a large, early group and a 
smaller late group in the ratio of H.OTiO.tW which indicates on(! allelomorphic pa,irof 
factors. In soimi cases, howevcir, more compl<-.\ .s(‘gregation.s were obtained. Clark 
(1926), in crosses of Marquis an<l Hard Fcdc'ration, found that early h(^ading was 
dominant to late heading but h(! was unalde to place his results in the segregating 
generation on a d(!finite factor basis. Thompson found that earliness could bo com- 
bined with other desirable, qualities by Mendelian methods although it was ne<jes- 
sary to raise largo numbers of plants as the majority W(!rn of intermediate, habit. 

Dwarfs in Wheat.— The mod<i of inluritiHHS! of dwarfs in whetut has been studied 
by several inwwtigators. In some cas(*s the results have been plac(id on a definite 
genetic basis and they have approximahid 3: 1 or 13:8 ratios depending upon the num- 
ber of factors involved. In one two-factor hypothesis, D is a dominant dwarf factor 
which, when present, produces dwarfs except in tin* presence of /, an inhibitor which 
always leads to the production of normals, 'f’he progtmy of plants het,erozygous for 
both I and D segregahi in a ratio of 13 normals: 3 dwarfs. When D is homozygous and 
7 heterozygous, a ratio of 3 nonnals:! dwarf is obtained. When I is absent and I) 
heterozygous, dwarfs result and s^^groga.tion in later generations of 3 dwarfs: 1 normal 
may be expected. Waldron (1924) obtained ratios apiuoximating r>6:9, lfi:l, and 
63:1 for normals and dwarfs in Fi generations of a Kota-Marquis eross. Ho explains 
these results by supposing the genes c(»ncicmed to bo in an extremely lalnlc condition 
often changing from dwarf genes to normal and vice mrna. ( Joulden (1026) has studied 
similar material. By a combined genetic and cytologic mode of attack, higlu'r ratios 
such as 15: 1 and 63: 1, were explained b.v supposing that as a result of irregular pair- 
ing of the chromosomes, trivalents and lagging chromosomes might result which would 
modify ratios. This sort, of explanation was first advanced by Winge (1924) to 
account for aberrant ratios obtained in studies of speltoid heterozygotes. 

Speltoid and Other Complex Types in Wheat. — Nilsson-Ehle (1920, 1921), 
Akerman (1920, 1923), Lindhard (1022, 1923), Kajanus (1923), Winge (1924), and 
othem have studied various types of abnormalities in wheat with special attention to 
speltoid typos. Nilsson-Ehle thought that the so-oallcd speltoid mutations formed a 
set of multiple allelomorphs— normal t.ype, bearded speltoids, and beardless speltoids, 
Akerman observed spoltlikc bud sports in wheat which often affected parts of a spike. 
In some cases these abnormalities wore inherited while in other cases it appeared 
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that iho spcltoid cliaractcr affected only the epidermis and the ^rerm colls transmitted 
only normal characters Deviations from the normal ratio of 1 normal 2 hetoio- 
zygous 1 speltoid were common. These were explained by the elimination of ccTtain 
gametes, by hetcrogamy, i c , the unequal distribution of the members of an allelo- 
morphic pair to the functioning ovules and pollen and by linkage. As has been men- 
tioned Winge explains certain deviations through cytological u regularities 



CHAPTER XI 


CLASSIFICATION AND INHERITANCE OF SMALL GRAINS 
OTHER THAN WHEAT 

In the cases of barley and oats quite usable classifications have been 
proposed. The general adoption of such classification schemes is desir- 
able for often great confusion results from the incorrect use of varietal 
names. Classification schemes cannot be given in detail in a plant-breed- 
ing text. It seems sufficient hero to point out the genetic relationship 
between wild and cultivated species and to give the major so-called 
species groups for the various crops. The more important botanical and 
agronomic chai-acters which arc commonly used in varietal chussification 
have also been mentioned. As cimsing must frequently bo resorted to 
as a means of improving small grains, the student should have a working 
knowledge of the known facts of inheritance with respect to particular 
characters. 


CLASSIFICATION AND INHERITANCE IN OATS 

A workable classification of cultivated American oat varieties and the 
basic wild species has been made by lOtheridge (191(1). The following 
outline of species groups is taken from his publicatiorx: 

A. Kernel loose within the surrounding hull; lemma and glunuss alike in texture. 

Avcrui wuda. 

AA. Kernel firmly clasped by the hull; loinina and glumes ditlercut in texture. 


B. Upper grains persistent to their rachillas Avenn bymntina. 

Avetia uterilia. 

BB. Upper grains easily separating from their rmshillsis. 

0. Lemma extending as tooth or awn iwints, 

D. I.K 3 mma with four teeth or awn points Avem abynifinica. 

DD. Lemma with two teeth or awn points. 


E. Ijcmma elongate, lanceolate, with distinct awn points. 

Av<?na drigom, 

EE. Ijemma short, abrupt, blunt, rather toothed than awn- 

pointed Avem brevi<t. 

CC. Lemma without teeth or awn points. 

D. Basilar connections of the grains articulate. . .Avem Jalua. 
DD. Basilar connections of the grains solidifierl. 

E. Panicles roughly equilateral, spreading. .Avem aativa. 
EE. Panicles, unilateral appressed. . . Avem aativa orientalia. 
181 
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Chromosome Numbers in Oats. — Various investigators have studied 
chromosome numbers m oats. Kihara (1919) found the following haploid 
numbers: (1) 7, Avena stngosa; 14, A. barbata; 21, A.fatuaj A. mhva^ A. 
stenliSj A. bymntina. Huskins (1926) presents the following counts* 
7, A, brevis^ A, stngosa; 14, A barbata, 21, A. stenhs and A. 7iuda, Aase 
and Powers (1926) report haploid numbers of 7 in A. brevis and A. 
strigosa and 21 in A. satwa, while Goulden (1926) reports A, sativa, A, 
fatua, A. stenlis, A. niida with 21 as a haploid number and A. brevis, A, 
barbata, and A. strigosa with a haploid number of 7. It is of interest that 
7-, 14-, and 21-haploid chromosome groups are found in oats as in wheat. 

Crosses between Avfena Fatua and A, Sativa. — It is generally accepted 
that fatua IS the stem species from which A . sativa and A. sativa oneutalis 
originated. Tschermak (1914) has made extensive crosses and obtained 
nearly complete fertility in crosses between fatua and sativa forms. Sur- 
face (1916) has found a number of characters which in crosses between 
fatua and sativa are associated with the fatua base: (1) heavy awn on 
lower grain, (2) awn on upper grain, (3) fatua base on upper grain, (4) 
pubescence on rachilla of lower and upper grain (5) pubescence on all 
sides of the base of lower grain and pubescence on the upper grain. 

Origin of Cultivated Varieties of A, Byzankna — C^offinan, Parker, and 
Quisenberry (1926) have adopted the use of the name A. byzantina for 
the cultivated varieties of oats which presumably descended from the 
wild form of A, stenhs. This is the terminology favored by iiuropean 
workers. They point out that there is a great deal of variation in such 
varieties as Burt and Fulghum which belong to this group and quote 
Schultz who observed that some cultivated forms of this group resembled 
A. stenhs rather closely while others can scarcely be distinguished from A. 
sativa. Salmon and Parker (1921) suggest that Fulghum may have 
resulted from a natural cross of A. sativa and A. sterihs forms. As some 
cultivated forms of this group differ so widely from wild forms of A . steriHs 
it seems desirable to adopt the specific name, A. byzautim, for this group. 

Norton (1907) pointed out that the red oats grown in southern 
United States without doubt descended from A. sterilis of the Mediter- 
ranean region, Trabut (1914) gives convincing evidence that the culti- 
vated oats of the Mediterranean region have been obtained from a wild 
A. sterilis, which is still quite common. It is of interest that the culti- 
vated oats grown in the warmer regions of the United States descended 
from warm-climate ancestors. The value of this group of oats for the 
southern United States has been shown clearly by Warburton (1914), 

Breeding Oats for Particular Regions.— It is apparent that the 
cultivated varieties of A. byzantina are superior in the warmer regions, 
such as the southern United States, to the cultivated varieties of A. sativa. 
Arrhenius (1924), in discussing the gray-spot disease of oats which is 
prevalent in Holland and Sweden, states that the use of resistant varieties 
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is one means of controlling the trouble. The disease is characterized by 
the spotting of young leaves at the base, the later breaking and withering 
of the leaves at the diseased places, and the failure in some cases of normal 
fruiting. The disease is non-pathogenic and results from undue propor- 
tions of lime in the soil. 

In a study of yielding capacity of oats conducted at the Welsh Plant 
Breeding Station (Jones, 1923), it was learned that one group of varieties 
succeeded better on land of high-producing capacity while a different 
group yielded better on land of low-producing capacity. In breeding oats 
and other small grains disease resistance is an important character. 

Disease Resistance in Oats. — Stem and crown rust, caused by 
Puccinia gTO/ninis avcnae- Erikss. and Heim., and Pucciwid coronata 
Corda, respectively, and the smuts Uslilago avenae (Pers.) Jens, and U. 
hvis (k. and S.) Magn. are among the most destructive parasites of oats. 
Parker (1918) and Durcll and Parker (1920) studied varietal resistance to 
both rusts, while Stakman, Levine, and Bailey (1923), and Mackie and 
Allen (1924) studied reaction to stem rust. Heald (1919), Reed (1920), 
and Sampson and Davies (1923) made studios of varietal susceptibility to 
smuts. Resistant varieties have boisn obtained and some of the best of 
these have been used in breeding experiments. 

Stakman, Levine, and Bailey (1923) and Reed (1924) observed 
instances of physiological specialization in stem q|st and smuts, respec- 
tively, of oats. Reed found, however, that certain varieties appeared 
resistant to all the races of smuts which he used. These varieties were 
Black Mesdag, Fulghum, and Red Algerian. In Iowa, Durell and 
Parker found that Green Russian, Ruakura, and A. bnrhaUi were resistant 
to both crown and stem rust. White 1 artar (White Russian), while 
susceptible to a form of stem rust obtained from feweden, has proved 
highly resistant in the United States. 

Studies of the inheritance of resistance to crown rust under greenhouse 
conditions in crosses of Burt with Sixty Day, A. Hahva, showed ^gre- 
gation in F^. Susceptible and resistant plants, as well as various inter- 
mediates, were obtained (Parker, 1920). 

A study of the inheritance of resistance to stem rust has been made 
at the Minnesota Station (Garber, 1922a). Fi, Fa, and F., crosses of resist- 
ant White Russian with two susceptible varieties of A. satim, Victory 
and Minota, have boon grown. The results show that for these crosses 
resistance is a dominant character, the ratio in Fa of resistant and sus- 
■ ceptible plants approximating 3:1. Busccptiblo Fa plants bred true to 
susceptibility in Fa, while resistant F a plants were of two kinds. (1) those 
which produced only resistant progeny and (2) those which segregated, 
both resistant and susceptible plants being obtained, 

' Griffee (1922) found that resistance to stem rust c^ be studied 
advantageously under greenhouse conditions by inoculating several 



184 


BREEDING CROP PLANTS 


seedling plants of each selection. In this manner, it is possible to obtain 
lines in Fs which are homozygous for resistance. 

Studies on the inheritance of reaction to loose and covered smuts 
have been made. Wakabayashi (1921) studied the reaction to covered 
smut of a cross of Red Rustproof with Black Tartarian. The Red Rust- 
proof was immune from attacks of Ustilago lena while Black Tartarian 
was rather susceptible. Resistance proved a dominant character. 
Apparently several factors were involved as only 12 families in Fz out of 
95 produced any smutted plants. Gaines (1925) studied crosses of Red 
Rustproof with several other varieties and obtained results similar to 
those of Wakabayashi, Barney (1924) also studied reaction to loose smut 
and concluded that the results for the three crosses could be explained on 
a monohybrid, dihybrid, and trihybrid basis, respectively. Reed and 
Stanton (1925), in crosses of Fulghum which is resistant to both forms 
of smut with Swedish Select which is susceptible, obtained 25 families in 
Fz out of 92 which were as resistant to both forms of smut as Fulghum 
Resistance to both forms appeared to be dependent upon the same genetic 
factors. Correlation studies of the reaction to smut and of other 
characters in which the parents of the crosses differed led to the conclu- 
sion that it was possible to combine smut resistance with other morpho- 
logical characters. Studies conducted at Minnesota indicate that 
susceptibility and resist|^ace to stem rust are independent m inheritance 
of reaction to smut. In these studies Black Mesdag was used as the 
smut immune parent while rust resistance was obtained from White 
Russian. 

Differences in Awn Development. — ^Varieties of oats differ in the presence or 
absence of awns and in the degree of awn developnaent. Nilsson-Ehle (1911a) first 
used the hypothesis that the yellow gone inhiluted the development of awns. This 
hypothesis was substantiated by careful experiments. A numlier of crosses between 
Avena hairy awns on both grams, with early oats belonging to the Avena saliva 
group have been studied. Using Sixty Day with yellow grains as the awnless parent, 
Love and Craig (1918c) observed the Fi to have the lower grain often awnod but the 
upper grain awnless. They concluded that the yellow factor inhibited the complete 
development of awns. In a similar cross, Surface (1910) obtained like results in Fi 
and concluded that one mam factor difference was necessary to explain th(i results. 
Modifying factors were involved which affected the degree of development of awns. 
No significant evidence was found that the yellow gone inhibited the development of 
awn-s. 


Fia. 32. 

1 Branch of oat panicle, 

2. Spikelot, showing tertiary floret just after blooming — a, primary floret. 

3. Spikelet, showing flower parts — ^a, outer glume; h, floweiing glume; c, palea; d, 
lodicules; e, anther; /, stigma, g, secondary floret; A, awn. 

4. Outer parts removed, showing sexual organs. 

6 Longitudmal section ovary. 

6, Anther, 

7, Showing outer and flowering glume of lower spikelet removed — a, lodicules, and 
sexual organs. 

Size: 1 , 2, about n", 3, about 2n; 4, 5, 0, greatly enlarged, 7, about 2n. 




CLAHHIFICATION AKD INHERITANCE OF SMALL GRAINS 185 






186 


BREEDING CROP PLANTS 


Fraser (1919) has studied a cross between an awnless Sixty Day and Buit, the 
latter being a variety of the Avena byzanhna group The Sixty Day parent produced 
bright-yellow grams with no awns The Burt parent usually produced awns on the 
lower grains and frequently on the upper but they show weak development Fraser 
classified awns as strong, intermediate, and weak The strong awn is twisted at the 
base and has a sharp bend about thice-eighths of the way from the base to the tip. 
It IS also stiff and lon g The intermediate awn lacks the bend of the strong awn and 
IS less stiff. It IS generally twisted at the base and is often curved The weak 
awns vary greatly from almost imperceptible structures to weakly developed ones. 
The Fi plants of Burt X Sixty Day were practically awnlcss. In Fj there was a ratio 
of fully awned (awned hkc Burt or with awns more completely developed) to awnless 
and partly awned of 1:3 The fully awned bred true in later generations Results 
substantiated the hypothesis that Sixty Dav carried a factor for awning which was 

inhibited from development by the yellow factor 

Color of Grain and Straw.— Color of the lemma when ripe is a character which is 
easily affected by environment. Weather conditions at ripening aic important and 
greatly modify the e.xprcssion of inheritance of these color characters. With bright 
sunshine a deeper color is developed than in wet, cloudy weather Black- or yellow- 
grained varieties under unfavorable environmental conditions arc much loss intensely 
colored. The stage of maturity at which the grain is harvested or weathering after 
harvesting may also modify these color characters. 

The color of the lemma of oats has been classified as black, brownish-rod, gray, 
yellow, and white. Different varieties, likewise, exhibit different intensities m the 
development of a particular color. In some ciosses between black and white a ratio 
of 15 blacks:! white was obtained in (Nilsson-Ehle, 1009), while the majority of 
crosses show 3:1 ratios (Nilsson-Ehlo, 1909), (Games, 1017). The simplest explana- 
tion is that each color character is duo to one or more factors, each factor when 
heterozygous causing partial or complete development of the character. 

Results of crosses show that yellow is dominant over white or partially so. 
There are, however, two yellow factors, each independently inherited In a cross 
between Burt,, which prodiujcs yellowish-red seeds, and Sixty Day, which produces 
yellow seeds, Frazer (1919) obtained a ratio of 48 red 15 yellow : 1 whitcj m F^, These 
results may be explained by supposing Burt to carry two color factors, It for rod and Y 
for yellow, and Sixty Day one factor, for yellow. Apparently R produces rods 
either when associated with Y or or when alone. 

Gray is epistatic to yellow (Nilsson-Ehle, 1909); Surface, 1916; Love and Craig, 
1918c) but hypostatic to black, while black is epistatic to all other colors so far as 
determined. It has been tested for gray, yellow, and white hut not for brownish 
red. As a nilc the intensity of color is not so great when a factor for a particular 
color is heterozygous as when homozygous. 

The inheritance of a reddish straw color has been shown by Pridhain (1916) to 
behave as a simple Mendelian monohybrid. 

Hulled versus Hull-less.— The hull-less condition has been made basis of one 
of the species groups, Avena nuda. Numerous crosses between hulled and hull-less 
forms have given like results. All investigators of these crosses have obtained an 
intermediate condition in Fi, with both kinds of grains, hulled and hull-less, borne in 
the same panicle. Ratios in Fi of 1 of each of the hulled and hull-less forms : 2 hetero- 
zygotes have been obtained. The hulled and hull-less typos breed true while the 
intermediates again segregate. Love and McRostie (1919) have found considerable 
variation in the percentage of hullo^ and hull-loss seeds in different panicles of the 
same cross. Consistent correlation was obtained between the percentage of hulled 
grains on heterozygous Fa plants and that of hulled grains on heterozygous h $ plants 
of the progeny. Some heterozygous Fa plants with low percentages of hulled grains 
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gave heterozygous progeny with correspondingly low percentages. A similar behavior 
was obtained in the progeny of heterozygous plants with high percentages of hulled 
grains, while plants with intermediate percentages of hulled grains gave heterozygous 
progeny with low, intermediate, and high perr^entages in different plants. This 
suggests the presen (^e of a factor which affects the percentage of hulled and hull-less 
grains of heterozygous plants. 

Chinese Hull-less prodinres colorless floral glumes but carries a brownish color in 
the paloa. When (Tossed with hulh^d varieties it transmits a factor for black color 
which in the presen(^c of the homozygous condition for hulled leads to the develop- 
ment of dark color in both floral glumes andpalea. Gaines (1917) concluded that the 
naked condition inhibited the development of black in the fforal glumes in the Chinese 
Hull-less variety. 

Pubescence. — C'lultivated varieties of oats differ in the amount and in the presence 
and absence of basal hairs on each side of the callus. In some crossc^s only one factor 
is involved, in others two factors. In some ctoss(js between parents wliic^h have 
different degrees of pulxwccnce there is an incrc'ase in the numlxT of })as.'il hairs, and 
forms are obtained in Fa which have more pub(‘scen(^e than (sither paremt, likc^wiso 
forms which la(*.k pub(^sc(*nce. Certain wild hjrms of Ammafatua (iarry two inrh^pend- 
ently inherited factors for pubesc(m<‘,e (s(ie Surface, 191b; Zirin and Surface, 1917; 
Nilsson-Elihi, 1908; Love and Graig, 1918c). 

Characters of Base of Lower Grain. — In wild forms of Avenafatna and cultivated 
forms of Avma hyzanima tlmre is a distinct arti(nilatiou at the bas(‘. of the lower grain. 
According to Surface (1910) this causes wild oats to sluitbT while in cultivatcid racies 
of sativa the grains ar<5 not easily si'.parated from thedr bas(j and do not ordinarily 
shatter. The Fi gen(iration of a cross between A . frUm and Kherson was intcirmodiate 
as regards the !■)ase of the lower grain, l>ut nearer th(^ euUivahid form, while the upper 
grain had a ba.s(^ similar to the cultivated parent. S(!gregation in Fa gave a ratio of 
wild, intermediate, and <;ultivatcd of 1 : 2: 1. This leads to the assumption of a single 
factor difference whi(*h separates cniltivated and wild in the form of th(i base. As has 
been lucntioued, there) is strong association of many other characters and the wild 
form of the base. Love and Craig (1918c) found an. indication of a single faettor cliffor- 
eiKJC for the presenee and absence of basal articulation but found that the yellow 
factor inhibited the development of the wild or articulated base. 

Avena hyzantim differs from other oat species in having the upper grain persistent 
to the rachilla. The base of the lower grain resembles A. fatm in its articulation. 
In crosses between Burt, belonging to A. hyzantina, and Sixty Lay, the Fi was inter- 
mediate and in Fa the Burt-, or st(‘rilis type, of articulation at the base of the lower 
grain could be determined accuraUsly. Ii4itu>8 approximating 1 of th<5 Burt type: 3 of 
the intermediate and sativa types were obtained (Fraser, 1919). It should be remem- 
bered that Burt oats is a very variable typo and that the results given h<‘re are in rela- 
tion to the particular strain of Burt used by Fraser. 

Open versus Side Panicle, — Nilsson (1901) has used panicle types and seed 
colors as a chief means of classifxcation. The distinction between the side and the 
open panicle is easily made, but the various transitional open-panicled forms are not 
easily used in differentiation. Nilsson-Ehlo (1908) has explained crosses between an 
open- and a sido-panicled variety on the basis of two main factor differences. Jiithor 
factor when homozygous or heterozygous produces open panicles. When both far^tors 
are homozygous a variety with an open panicle sad drooping brancihes is obtained. 
When the factors are absent a side panicle results. From crossing two opcn-panicled 
forms, nine-side forms wore obtained out of a total of 1 12 plants. Those sid(vpaniclod 
plants bred true while of the 103 opcn-panicled plants, 24 again segregated giving both 
open- and side-paniclcd forms. The parental varieties have panicles with erect 
branches while a part of the open-paniclcd segregates have drooping branches. 
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Games (1917) and Garber (1922) found considerable difficulty in separating open- 
and sidc-panicled typos of the segregating generations. The correct genetic explana- 
tion for the variations which occurred was not learned. 

Size Characters. — Nilsson-Ehle (1908) made numerous studies of inheritance of 
size characters In a cross between two sativa varieties which differ in height, trans- 
gressive segregation occurred m Forms were selected and the studies continued 
through Fi and Fs Segregation was of a complex nature. Transgressive segregation 
also occurred m crosses involving leaf breadth, kernel size, and number of florets to 
the spikclct, The results were explained on the multiple-factor hypothesis, but the 



FiCr. 33. — Culms of resistant and susceptible varieties of oats. From left to right; 
Victory, susceptible to stem rust; a susceptible Fa plant of Victory X White Russian; a 
resistant Fa plant of Victory X White Russian; resistant White Russian. 


actual factors involved could not easily be determined. Maturity may be considered 
under this heading, for it behaves in a similar manner. From crossing early and later 
maturing oats, Caporn (1918) obtained intermediate maturity in Fi and segregation 
in Fa, The author suggests that throe factors will quite satisfactorily explain the 
results, Nilsson-Ehle obtained transgressive segregation in Fa in a cross between 
medium early and late-maturing varieties. Progeny from 112Fa plants were grown 
in Fj. Of these 112 plants 4 gave progenies earlier than the early parent and 10 
later than the late parent. Many of the remaining 98 plants produced progenies that 
segregated for maturity. Noll (1925) studied period of maturity in several oat crosses. 
He explained his results due to a senes of dominant factors for earliness which together 
had a cumulative effect. 

(]Urber and Quisenberry (1927) studied tho mode of inheritance of date 
of heading, leaf width, number of culms, and color of seed. Earliness was found 
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to be inherited as a dominant character and dependent upon at least two factors. 
Leaf width was very variable and strongly influenced by environmental conditions. 
Segregation occurred in Fo and one Fs family had a lower mean leaf width than Gopher, 
the narrow-leafed parent. Number of culms is an inherited character and strongly 
influenced by environmental conditions. Black was dominant over white and 
dependent upon a single fardor. No positive evidence of close linkage of any of the 
characters studied was obiained. 

Linkage of Characters. — Association of numerous characters in inheritance has 
been mentioned in the discussion of crosses between the wild A. fatua and cultivated 
varieties of A, saliva. Asid(^ from the general characters mentioned, linkage has been 
found between the factor for black color of the l(3mma and one of the factors for 
pubescence. 

In crosses between Burt, A. hyzanlina, and Bixty Day, A. saliva^ Fraser (1919) has 
found that the factors for tlie articiilated base of the lowtu’ grain, the awned (jondition, 
and the production of mt‘diuni I )asal hairs were linked in inheritance. In tl\e following 
diagram A r<^i)r(3Konts tlu^ factror for awning, B for Burt [)asc3, and C a factor for the 
production of medium basal hairs. 


0 4.14 fl.OO 






A J 

i C 


The percentages of <',rosa«ov(3rs were determined for F-z and Fs. As has been pointed 
out segregation for awns, liasal hairs, and type of base was on a monOhybrid basis in 
each case, hive p(‘-r <*.<mt of cross-overs occurred between the factors for awning and 
basal hairs; 4.14 per cent between awning .and the factor for Burt base, and 1.79 
per cent b(twe(iu Burt base and biusal hairs. 

Odland (1927) studicnl ra(4ulla kuigtli in a (?rosH between the varietitis Early Goth- 
land, long racliilla, with Gartou 784, short rachilla. The length of rachilla was 
found to bo little modifi<\d by ordinary environmental conditions. Homozygous lines 
for various rachilla hmgths w(^ro obiaincKl in Fa and F^, Multiple factors were used 
to explain the mode of inhoritau(?o and t.here was a close linkage bctwecui one factor 
pair or group of factors for length of nu4iilla and the factor pair controlling pubescence 
of rachilla. 

False Wild Oats. — ^False wild oats dilT<T from the cultivated varieties in the produc- 
tion of heavier awns, in Iwjavy pulx^scteiuso, and in the b^isal articulation. False wild 
oats resembling cultivated varieti(!s in color and panicle characters have been found 
by numerous investigators. Nilsson-lOhle (1911a) has reported false wild oats in 11 
pure-line selections aiid in 2 commercial varieties belonging either to A. saiiva or A. 
saliva oricnialu. A h(3t(irozygous false wild form was found in the second generation 
of a cross b(3two<in saliva vari(3ti«is. It gave a ratio of 1 cultivated: 2 heterozygous: 
1 false wild form. The hc3t(3rozygous forms are less heavily awiiod than the false 
wild and have the fataa type of callus only on the lower grain. In rc^cent years, 
various investigators hav<> observed many oases of false wild oats which have occurred 
in cultivated varieties (Akorman, 1921; Garber, 19226; Marquand, 1922). Studies of 
inheritance prove that it is very improbable that false wild oats have been obtained 
fr 9 m natural crossing, the hypothesis presented by 25a<lo (191S). A common reason 
for this conclusion is that segregation in false wild-cultivated crosses is very different 
from that obtained in crosses of Avemfalm with A. saliva. Garber and Quisenberry 
(1923) attacked the problem by studying delayed germination. Seeds of the wild oat, 



breeding crop plants 


190 

A fatua have the property of delayed germination and this character was inherited 
in' crosses of fatua with naiiva varieties Delayed germination was not found iii 
Zm^ or heterozygous false wild forms. Goulden (1926) and Huskins (1926) 
found cvtological irregulanties in false wild oats, abnormal pairing of chromosomes 
and other chromosome aberrations. Huskins believes that some chromosomal 
aben-ation, rather than a change in a single gone, is instrumental in causmg the 
appearance of false wild oats. Considerable difference of opinion is held 
regarding the cause of the production of false wild oats Whether they originate as a 
loss mutation or through hybridization or both is not yet determined. Some evidence 
for hybridization and some for mutation has been obtained. 


CLASSIFICATION AND INHERITANCE IN BARLEY 

Students of barley classification have frequently used density and 
fertility of the lateral fiorets as chief means of separating the larger 
cultivated groups. While density is quite a stable character, there are 
gradations in the length of the intemode from the very lax to the very 
dense spikes without any clear-cut differentiation between the middense 
and midlax groups While density is an important character by means of 
which to differentiate forms, it is not very usable as a chief means of 
species or group classification. Harlan (1918) has made an interesting 
review of barley-classification studies and has presented a new grouping 
in which species are made on the basis of fertility of the lateral florets. 
(l^^iihfnwiTig key is taken from Harlan’s paper; 

/a.11 spikdete feirtile (six-rowod barley) 

. A Lemmas of all florets awnod or hooded H<rrdeum mAi,are L. 

"w Lemmas of lateral florets without awns or hoods H. intermMium Kcke. 

Qply the ee'iitral spikelets fertile (two-rowed barley) 

Lateral spikelets consisting of outer glumes, lemma, palca, rachilla, and usually 

rudiments of sexual organs L. 

Lateral spikelets reduced usually to only the outer glumes and rachilla, rarely more 
than one flowering glume present and never rudiments of sexual organs. . . . 

H. defusiens Steud. 


It seems very probable that the E. intmnedium group could be classified 
more accurately by considering that the lateral florets were only partially 
fertile instead of fully fertile. 

There are several contrasting characters by means of which variety 
groups are made. Harlan has used the following to differentiate the 
variety groups belonging to each of the four species groups: 

Seeds hulled; seeds naked. 

Lemmas awned; lemmas hooded. 

Seeds white, blue, purple; seeds black. 

In classifying the cultivated varieties of barleys, the density of the 
spike, its shape, and the appearance of the awns as well as the color of 
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the seed, have been used. Smooth-awned varieties are being produced 
and it is only a question of time before nearly all awned varieties will 
be represented by both the rough and smooth-awned forms. 

Species Crosses. — Two general results have been obtained from cross- 
ing two- and six-rowed varieties. The most frequent result is an inter- 



Fio, 34."- Individual spikos of Ft generation of ororn of SvanhalH X Mantjlmria repre- 
senting phenotypic pr<>g(}uy (danw'H iu whi(di the lomnia» of the lateral ilorotH are rouxidod 
and awnlofw. From l<ift to right: The two-rowod claKH which will breed inie in Um 
fertility class whicli will give two-rowod, low fertility and inlmmdium hi Fr; intmrhcdium^ 
which will brood true for iut<jriuoditmi hnlnt iu Fs. {AfUir Harlan and ! OilO.) 

mediate condition in Fi in which the lateral florets are awned, but produce 
little or no fruitfulness. In i'’* a 1:2:1 ratio of six-rowed, intermediate, 
and two-rowod forms is obtained. Six- and two-rowed forms breed true 
to these respective characters in later generations. Results of this nature 
can easily be explained on a single main-factor difference (Biffch, 19076; 
Gaines, 1917), 
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The iniennedtum barleys have generally been considered to be of 
hybrid origin A cooperative study carried on at the Minnesota Experi- 
ment Station has shown the probable origin of some mtermedium forms 
(Harlan and Hayes, 1920). In a cross between Manchuria, a six-rowed 



Fig. 35. — Individual spikes of F 2 Ronoration of cross of Svanhals X Mapekurm ropro- 
sonting the phenotypic progeny classes in which lateral florets bear awns. From loft to 
right. Low fertility awned plant which will give all classes of segrogatos in Ft as in F 2 ; 
high fertility awned which will segregate into %ntermed%um^ high fertility awned and six- 
rowed in Fa; six-rowed which will breed true in Fs. {After Ilarlan und HayeSf 1920.) 


barley, and Svanhals, a two-rowed variety, the Fi was slightly fruitful 
and produced intermediate developed awns on the lateral florets. In 
Fi a wide range of forms was obtained. The genetic nature of the F 2 
plants was determined by growing seed of each in Fa- From the F $ 
results it was possible to classify Fa plants as follows: 
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1. Those that bred true for trhc six-rowed character. 

2. Those that segregated, giving six-rowed, awned, intermediate forms with very 
high fruitfulness of the lateral florets and iiUermcdium forms in a 1: 2: 1 ratio. 

3. Intermedium forms that bred true, giving few or no awns on lateral florets and 
producing appro.ximately 50 per cent of barren lateral florets. 

4. Those that gave all forms as in F^. 

5. Those that produced intermediates and two-rowed types. 

6. Those that produced six-rowed, awned intermediates with little or no fruit- 
fulness in the lateral florets and two-rowed forms in a 1: 2: 1 ratio. 

7. Those that bred true for the two-rowed condition. 

Results were accurately explained by considering the Manchuria 
parent to contain two factors, one for six-rowed and one for intermedium, 
which was hypostatic to the six-rowed factor. It was thought possible 
that minor modifying factors were sometimes present which influenced 
the degree of fruitfulness of the lateral florets. 

Crosses between mtermedinm and six-rowed forms gave intermediates 
of high fruitfulness in Fi and a ratio of si.x-rowcd to intermediates ha Ft 
which indicated a single factor difference. Intermedium forms crossed 
with two-rowed gave awnless forms with very low fruitfulness in Fi 
and a ratio indicating one main factor difference in Ft. 

Biffen (19076) found the deiiciens condition dominant in - a cross ' 
between defwiems and two-rowed. Results from an Ft generation of a 
similar cross gi'own at the Minnesota Htation indicate that it is almost 
impossible to separate dejicienn, two-rowed, an<l intermediates by inspec- 
tion. No other strains except the parental forms and various grades of 
intermediates wore obtained. 

These facts indicate that n classification made on the basis of fertility 
for the species groups is reliable. 

The Barley Awn in Relation to Yield.— ( )no of the ultimate aims of the 
crop breeder should bo to discover the physiological reason why some 
varieties prove superior to others. The long, rough awn of barley makes 
the crop very disagreeable to handle. Hooded varieties have been 
frequently tried out but have not been extensively grown because they 
do not yield as well as standard-awned strains. Likewise, many hooded 
hybrids have been produced but none has proved satisfactory. The facts 
lead to the conclusion that “the awn is an organ that is functional under 
most conditions, and especially in those sections where humid weather 
prevails, at ripening time” (Harlan & Anthony, 1920). 

The fact that the awns of barley have a considerable effect on the 
rapidity and the amount of transpiration was determined by Zoebl and 
Mikosch (1892). The time of greatest transpiration occurred at the 
time of carbohydrate formation in the seed, especially at the time of rapid 
starch infiltration of reserve material in the fruit. Schmid. (1890, pp. 
328-330) further studi?id and presented data on the morphology of the 
awn of cereals. He emphasized the fact t!hat breeders of small grains 
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should give duo weight to the importance of the awn. Perlitius (1903) 
made careful studies with awned and awnless varieties of spring and winter 
wheat and with barley. His studies corroborated those of Schmid, Zoebl, 
and Mikosch. Normal awned spikes of barley gave off nearly three times 
as much water as spikes with the awns removed, while with wheat the 
ratio was about 2*1. 

Perlitius, likewise, showed that the awn has a marked effect on kernel 
development. Thus the ratio of size of seed at the milk stage for awned 
wheat, awnless wheat, and awned wheat with awns removed, was 100-88: 
91. With barley the differences were somewhat greater. The awned 
wheat likewise gave considerable increase in starch content over the 
awnless, and the awnless wheat showed a somewhat greater shriveling 
of the seed than the awned varieties. 

Grantham (1919) compared awnless and awned varieties of wheat. 
Awnless wheats were found to be more susceptible to plant diseases, such 
as scab, and likewise yielded somewhat less on the average than bearded 
wheats. Expeiiments with wheat at the Minnesota Station (Hayes, 
1923) proved that the awned segregates produced plumper and longer 
grains and yielded more on the average than the awnless. The differences 
in some of these experiments are independent of such factors as shattering 
and clearly prove that under some conditions the awn is an important 
physiological organ. This illustrates the importance to the plant breeder 
of a knowledge of the physiologic functions of certain plant organs. 

The production of high-yielding, smooth-awned varieties is not a 
difficult task, as has been learned by cooperative studies carried on at the 
Minnesota Station. As smooth awn is a recessive character, all that is 
necessary is to cross high-yielding toothed varieties with smooth-awned 
sorts, and then select smooth-awned plants in These will breed true 
for the smooth-awned character. Some smooth-awned segregates are 
not so smootli as others; these differences are genetic. Selection of the 
types which breed true for t<he fewest teeth on the awn is desirable. 
Numerous plants should be selected as some will prove more valuable 
than others for economic characters such as yield, non-shattering habit, 
stiffness of straw, and disease resistance. 

Inheritance Studies with Barley. — ^There are numerous characters 
of barley which are easily differentiated. As the number of chromosome 
pairs is seven for each of the four cultivated vai-ieties, barley furnishes 
ideal material for studies of linkage relations. Although the cultivated 
varieties have the same number of chromosomes, the Ilordeum genus is 
similar to the oat and wheat genera, for the wild species of Hordeum are 
arranged in multiples of 7. Griffee obtained the following counts: 

7 chromosome group: //. sponianevm, H, marahmwn, JL cajnitrmi^dUBae 

14 chromosome group: //. murinum^ H, jubatum 

21 chromosome group: nodomm 
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Unlike wheat and oats the economic varieties belong to the species with 
the lowest chromosome number. There are several barley charactera 
which can be grouped according to their inheritance and which give simple 
Mendelian ratios. Tliese are summarized in the following table: 


Table L.— Baulev CliiAiiAfTniis 
C)hara(*t<‘r (li(T(‘r(*n(M‘s 

Plooded awiit*(i 

Rough pertiUfi smooth awn 

Black pah^a imus frolorkhss 

Purple pal(*a vemuH (•olorl<‘ss. . . . 

Hulled pmuH nak<‘(l 

Black pcxicarp vmufi whil(‘ 


WiiK’u Show Simple Mendelian Inheritance 
//, * ! Authority 


Hoo<l(‘<l ! 

'A IIood(‘d:j 

Tscliermak (IPOl) 

1 

1 awned 


Rough 1 

A Rough; 

llarhui (lh20) 

! 

1 smooth 


Black 

A Black: 



1 colorless | 

j Tscliermak (HlOl) ^ 
BHiin (lW)7(i) 

Purpl<‘ 

A Purph*: 

1 (*()Iorl<‘SK 

Biflili (l!)()7/>) 

Hulled 

A hull<‘d: 

Thatcher (li»12) 


1 nakctl 

1 ( iaincH (lit 17) 

Black 

« Black: 

1 Her (I92-1) 


1 wliih* 

1 Kczer & Boyack (101k) 


Besides the.s(i very definitely inherited character pairs, there are 
several other characters which make good material for studies of linkage 
relations. 


Linkage Studies with Barley.- A study of iulxTitaiuHi in Ivarky was :na<h( at tlie 
MinncHoTa Station in cooperation with tlic of Oreal Crops and Diseases, 

United States Department of Agriculture. A cross of Virginia Hooded, a six-rowc.d, 
hulled, hooded, colorless barley, witli Jet, a two-rewed, naked, awned, blaek-glumul 
barley was studied. In tills cro.ss th<‘rc was apparently only one factor 
betwL two and six rowed and i.he intemicdiate forms were claswil as two rowed, 
although they coulil be differentiated fmm true two-rowed forms l>y the presmcc of 
awns on tlie' lateral llorcts. The re.sultH showed ilmt these four factor pans won, 
indoncndciitlv inherited and gave a close ai>proximation to expectation, (.rosses 
differing by four independently inherited, shand.V differentiated factor paira have not 
been frequently preserttod; therefore, the results arc of some interest. They are as 

followa: 
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Table LI. — Inheritance op Four Independently Inherited Mendelian 

Characters 



Expectation 

Obtained 

Hooded, two-rowed, black, hulled 

129 0 

113 

Hooded, two-rowed, black, naked 

43 0 

43 

Hooded, two-rowed, white, hulled 

43 0 

42 

Hooded, six-rowed, black, hulled 

43 0 

5G 

Bearded, two-rowed, black, hulled 

43 0 

45 

Hooded, two-rowed, white, naked 

14 3 

14 

Hooded, six-rowed, black, naked . 

14 3 

15 

Hooded, six-rowed, white, hulled 

14 3 

14 

Bearded, two-rowed, black, naked 

14 3 

14 

Bearded, tWo-rowed, white, hulled 

14 3 

17 

Beaided, six-rowod, black, hulled . 

14 3 

14 

Hooded, six-rowed, white, naked 

4 8 

4 

Bearded, two-rowed, white, naked 

4 8 

() 

Bearded, six-rowcd, black, naked 

4 8 

G 

Bearded, six rowed, white, hulled 

4 8 

4 

Bearded, two row<‘d, white, naked 

1 6 

1 

Totals 

407 <) 

408 


Apparently, these four character pairs are independently inherited. The con- 
trasted characters are: two-rowed v&mus six rowed, black versus white paloa, hulled 
versus naked, hooded versm awnod. Ubisch (1910, 1919, 1921, 1923), however, found 
hulled versus naked, a factor for head density and a factor pair for long awn versus 
hooded to be linkcid. Hor (1924) observed a linkage between the following factor 
pairs: rough versus smooth awn, long v&fsus short hairs on rachilla, and black versm 
white palea. Vavilov (1921) found a linkage between two-rowed versus six-rowed, 
rough vers'us smooth awii and hulled versus naked. It should bo mentioned that 
Vavilov found several factors involved in the inheritance of rough versus smooth awn. 
Griffee (1925) obtained a linkage between early versm late heading and two-rowed 
versus six-rowed. Those differences may be explained on the basis of differences in th(^ 
genetic condition of the varieties worked with. It seems unwise to summarize these 
studies m greater detail at present because of the lack of agreement of the results 
obtained by different workers. The studies m barley linkages now being condiict<)d 
will soon serve to show the reason for the differences so far obtained by different 
workers. 

Resistance and susceptibility to attacks of Helminthosporium saiivum P. B. and K. 
were found to bo inherited characters and of considerable importance in relation to 
yield (Hayes and others, 1923). Griffee (1925) found linkage relations between 
reaction to this pathogene and the character pairs rough versm smooth, early versus 
late heading, and black versus white palea. This led to the conclusion that there were 
at least three factor pairs which condition reaction to IL saiimm. The linkages 
observed were broken in later generations which indicate that they w<^ro of a genetic 
nature. 

Nilsson-Ehle (1922) and others have reported ohorophyll doffcioncies in barley. 
Nilsson-Ehle has reported six different ^feypes; three whites, two yellows, and one 
chlorina. Different whites may appear alike but are dependent upon genetic factors 
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located in different loci. Nilsson-Ehle found one of his whites closely linked with 
chlorina. 

Inheritance of Other Characters. — Miyazawa (1918) and So (1918) independently 
found xenia when white-seeded varieties were pollinated with black-seeded strains. 
Engledow (1920) and Hor (1924) studied the inheritance of two forms of rachilla 
hairs: long, stiff, and fine, and short and slightly curled. These were called bristly 
and smooth, respectively, and ratios approximately of 3 bristly: 1 smooth were 
obtained in Fj. Nilsson-Ehle (1920) studied reaction to the nematode disease caused 
by Heteralera scliachiii. Imniunity was dominant to susceptibility and an approxima- 
tion of a ratio of 3: 1 was obtained in the segregating generations. 


SOME RYE STUDIES 

Wild rye, Secale monkmum, differs from cultivated rye in its perennial 
habit. Tschermak (1914) finds that wild and cultivated forms may be 
easily crossed, which indicates rather close relationship. 

Engler-Gilg (1919) believes that cultivated rye, fiecale cereale L., 
originated from S. montanum, which grows wild in Southern Europe and 
adjoining regions in Asia. It is thought that rye was cultivated in the 
Bronze period. Vavilov (1917) doubts whether the evidence is sufficient 
to prove that S. cerealc descended from »S'. montanum. He states that >S'. 
cereale is widely found through the southwest of Asia in barley and wheat 
plantings where rye has not been grown as a cultivated crop. Schultz 
(1919) believes cultivated rye descended from Hemle anatoliewn Boissier, 
which is now found growing wild in Syria, Armenia, Persia, Afghanistan, 
Turkestan, Sungari, and the Kirghiz Steppe. 

Rye (see Chap. VI) differs from the other small grains in that it is 
cross-pollinated. During the last few years rye has boon bred by con- 
trolled pollination. The most extensive studies have boon conducted by 
Heribert-Nilsson (191(), 1919, 1921) who finds parchment bags, if they 
can be protected from wind and -rain, an ideal moans of insuring self- 
pollination. Heribert-Nilsson finds 1 or 2 plants in every lO’O which 
appear highly self-fertile. In 1921, .some strains had been inbred for 
nine generations. Most selfed strains were loss vigorous than normal 
rye although a few strains were obtained which proved vigorous and 
yielded more than the normal variety. A variety called “Stormrag” 
which excells in stiffness of straw, was produced by recombining selfed 
strains. Brewbaker (1920) obtained similar results at Minnesota and 
concludes that “selection in self-fertilized lines is not only feasible but is 
the most effective and practical mode of rye improvement.” Those self- 
fertilized strains have aided in studies of the inheritance of characters. 

Studies of Inheritance. — Rye has usutally seven, sometimes eight, 
pairs of chromosomes (Gotoh, 1924; Bfelling, 1925). 

Xenia in rye was first discovered by Giltay in 1.893. It was later 
corroborated by Von Rlinaker and others (1913 and 1914). Bycontinuous 
selection, strains have been produced which are pure for color differences. 
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According to V6n Rumker, seledion for 7 or 8 years was necessary in 
order to isolate strains which were homozygous for color of seed. He found 
the color to be located in the aleurone layer just inside the epidermis. 
There are numerous colors of rye which are roughly analogous to the 
aleurone colors of corn The inheritance of these colors has not as yet 
been intensively studied. Von Riimkor has isolated pure races for 
greenish-blue, deep brown, and yellow seed. There are also deep blue, 
light brown, and striped seed besides other eolor variations In crosses 
between green- and yellow seeded strains V on Rumker found green 
dominant and obtained a ratio of 3 green 1 yellow in F a. 



Fio. 30 — Spikos from four Ft plants of a wheat-ryo cross. Spike No 39 is much like 
rye in resard to the awn development and ciliated glumes. Other heads resemble wheat 
more than ryo {After Love,) 


There are both spring and winter varieties of rye. The spring habit 
appears to be a dominant character, for Tschermak (1906) obtained a 
ratio in Fs of 3 spring forms: 1 winter form. 

Brewbaker (1926) studied several different chlorophyll deficiencies and 
concludes that practically all are recessive to normal. Heribert-Nilsson 
(1919) studied a wax-free type which is also recessive. Brittle plants 
were studied by Brewbaker and were found to bo a simple recessive. These 
plants can be recognized in the field because the culms break so easily. 
It was learned (Davidson and others, 1924) that brittle plants have a 
thinner cell wall, a lower, crude fiber content, a higher pentosan content, 
and less lignin than normal plants. 
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Mains and Leighty (1923) and Mains (1926) reported studies of 
disease resistance with rye. Strains have been obtained from Abruzzes 
rye which are resistant to leaf rust, Puccinia dispersa; stem rust, Puccinia 
graminis secalis; and mildew, Erysiphe graminis secalis. Eesistance to 
each of the diseases appears to be due to a separate genetic factor or 
set of factors. 

Wheat-rye Hybrids. — Numerous investigators (Backhouse, 1916- 
1917; Leighty, 1915, 1916, 1920; Jesenko, 1911, 1913; McFadden, 1917; 
Meister, 1921; Gaines and Stevenson, 1922) reported natural or artificial 
crosses between wheat and rye. Both Leighty and Meister have observed 
that natural crossing is more frequent in some seasons than in others. 
In most successful cros.ses ^^^^t has been used as the female parent, 
although Gaines and .Stevonso;^Ji^_922) reported successful rye-wheat 
crosses with Rosen rye as the fomale>;parcnt. The I<\ and generations 
of the rye-wheat hybrids resembled rye much more strongly than wheat 
while the wheat-rye hybrids are more wheatlike. Segregation in wheat- 
rye cros.ses occurs for some characters and, as winter rye is much more 
cold resistant than winter wheat, it is only natural to try and improve 
winter wheat by a rye-wheat cross. As a rule, the /"’i cross is self-sterile, 
although back cros.ses with the parents have sometimes been successful. 
Love and Graig (1919a) have described a successful wheat-rye cross, 
ngi-ng Dawson’s Golden (Ihaff as the wheat parent. Studies have been 
continued through Fi and Fr, and a number of plants have been obtained 
which exhibit little or no sterility. These plants are wheatlike in spike 
and seed characters, yet they resemble rye in some other characters. 
They are now being tested for winter hardiness. 

BUCKWHEAT 

Buckwheat belongs to the buckwheat family, Polygonaceae. The 
original home of this plant was probably Asia,' whence it was introduced 
into Europe through Tartary and Russia in the Middle Ages. The 
generic name of buckwheat, Fagopyrun, comes from the Latin, fagus, 
beech, and the Greek, puros, wheat, based on the fact that the seed of 
buckwheat resembles the beechnut. The two species of economic impor- 
tance are F. tataricum, and F. esculentum. The forms commonly grown 
in the United States belong to the last-named species. Another species, 
F. marginatum, is sometimes designated but some plant breeders prefer 
to consider it as a variety of F, esculentum. 

Classification is based on such characters as size, color, and shape of 
seed; color of growing stem; average height of plant; shape of leaf; 
and flower characters. The flowers of buckwheat are dimorphic, i,e., 
some have long stamens and short styles, others just the reverse. In 

‘ Caeleton (1916). 
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general, only one kind of flower is produced on the same plant. Dimor- 
phism facilitates cross-pollination. 

Species Relationship. — The two species of buckwheat differ strikingly 
with regard to their ability to set selfed seed under a cover. Althausen 
(1910a) pointed out that F. tatancum was spontaneously self-fertile. 
This has been corroborated at the West Virginia Experiment Station. 
The varieties Rye, Mountain, and a notch-seeded buckwheat, all belong- 
ing to the tatancum species, set seed abundantly under glassine bags 
On the other hand selfed seed was relatively difficult to obtain from 
varieties of F. esculentum, such as Japanese Silverhull and Gray. The 



Fig. 37 — Chromosome of buckwheat. At loft, coll from root tip of F* cmargmat'um 
showing diploid number of 10; at right, pollen mother cell from F. esculcnium with 8 haploid 
chromosomes. {After Quisenherry ) 


latter species has showy flowers that are distinctly dimorphic whereas 
F. Marimm has relatively insignificant flowers that are not distinctly 
dimorphic. Insects, particularly honeybees, visit the flowers of F. 
esculenium in great numbers. Stevens (1912) concludes that in this 
species natural self-fertilization seldom occurs owing to the relatively 
slow pollen tube growth in selfed flowers. With respect to chromosome 
number F. escuhntum and F. iaiancum, are apparently alike. Quisen- 
berry (1926) found the diploid number to be 16 (see Fig. 37). 

Inheritance Studies. — Most of the buckwheat inheritance studies 
reported have been confined to F. eseulevtum. The inheritance of length 
of style has been investigated by Althausen (1908), Dalgren (1922), Egiz 
(1926), and at the West Virginia Experiment Station. Short styles are 
dominant to long styles and are apparently controlled in their inheritance 
by a single factor difference. With respect to flower color Althausen 
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(19106) found that white-flowored forms brod true, whereas red-flowered 
forms segregated. The inheritance of height of plant in buckwheat was 
explained by Egiz on the basis of a single factor difference. 

Breeding Buckwheat. — It has been pointed out that, although some- 
what difficult, self-fertilization of F. cmdenlum may be accomplished. 
No evidence of definite degeneration as a result of repeated illegitimate 
pollination was found by Egiz (192.5). C’ertain races of buckwheat when 
self-fertilized produced well-filled grains anti normal descendents. Strains 
of F. tdm-icum may bo selfed with ease and, hence, there is no particular 
difficulty involved in breeding this species by controlling pollination and 
practicing selection. 

Relatively httle attention has been given to the improvement of 
buckwheat by breeding. There is considerable variation in type and 
undoubtedly strains could be isolated which would surpass present com- 
mercial varieties. 


RICE 

Rice is thought by (larlnton (191(5) to have “ original, od somewhere in 
the region of (Ihina to India inclusfvo.” It has not been recorded with 
other cereals that were grown in Egypt in ancient times. Comparatively 
little study has been made regarding classification and genetic relation- 
ship of the wild and cultivated spcscies. 

Cultivated races are classified into glutinous and non-glutinous groups. 
Other characters of importance in varietal ela.ssification are size, shape, 
and color of seed; color of glumes and leaf sheath; awned or awnlc&s 
glumes; and length of glumes, whether long or short. A short summary 
of inheritance of some individual characters is of interest (see Table 
LII). 

Inheritance of Characters. — The endosperm of rice is glutinous or 
starchy. The glutinous group is not grown in the United States nor 
generally in Europe as a commercial crop. When cooked, it runs together 
into a pasty mass while the seeds of common rice keep their shape when 
properly cooked. The starch of ordinary rice i.s replaced by a carbohy- 
drate of a different forai. Apparently one Mendelian factor difference 
separates these groups. The color of the pericarp is dependent upon sev- 
eral factors and various ratios — .3:1, 9:7, and9:3:4 — have boon reported. 
Considerable study of the inheritance of colora in various parts of the- 
plant have been made. One to several genetic factors are involved, 
A factor or group of factors often have a pleitrophic effect. Hector (1 922) 
concluded that this is a result of several closely linked factors.- Takahasi 
(1923) explained certain experimental results by a linkage of a factor for 
character of endosperm with one of the factors which conditions red color 
of awns or glume tips. 



TaBI/E LII. SiTMMABY OP THE InHERITAXCE OF THE CHARACTERS OP RiCE 
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The inheritance of plant characters may be explained by the usual 
MendeUan method. The ratios given show that color mheritance may be 
explained by one or more factoi-s. Ikeno (1918) studied the inheritance 
of a number of size characters. In some cases dominance was obtained 
in Fi. In other characters the Fx was intermediate. Complex segrega- 
tion occurred in Fs but with no definite ratios. Multiple factors were 

used to explain the results. _ 

Terao (1921) observed a type of semisterile plant in certain pedigreed 
strains of rice which had formerly produced only fertile progeny. The 
frequency of appearance in two families, each derived from a single 
parent, was 1 semisterile to 117 and 114 fertiles, respectively. Progeny 
of semisteriles segregate in a 1:1 ratio of normal and semisterile plants. 
Semisterihty is e.xplained by the hypothesis of a sex-linked lethal factor, 
a, which causes the death of the female gametes, but which does not 
affect the male gametes. Thus a semisterile plant, Aa produces only 
female gametes A and male gametes A and a. The original mutation of 
A to a was supposed to be the cause of the semisterile plants. A different 
type of semisterility which first appeared in a pure line has been described 
by Kondo and Ono (1923). The progeny bred true for semisterility. 
Terao (1922) described a change in the “large-grained” rice which he 
believes is a result of a factor mutation. Large-grained rice is charac- 
terized by panicles with a smaller number of spikelets than nonnal and 
with larger spikelets and seeds than in the nonnal. The larger-grained 
type is recessive to normal and a few normals appear in the progeny of 
large grained, even though the flowers ai-o protectecl from cross pollina- 
tion. Mosaic forms sometimes occur in large-grained plants. These 
mosaics are characterized by soctants of normal grains on large-grained 
plants. Terao supposes recessive n in largo-grained planf.s suddenly 
changes to A. These Aa sectants are au])poaed to occur in mcristi- 
matic tissue and may be so small that they may be overliKiked. Tht 
progeny of such plants arc largely “ large-gi“unod ” although a few normals 

will be obtained also. , 

Nakatomi (1923) studied chromosome numbers in 21 races of .rice 
consisting of anomalous types produced by mutation and nonnal races. 
Twelve is the haploid chromosome numlmr although the sizes of chromo- 
somes varied more or less in different races. 

Time of culm formation was carefully studied by Hoshino (1915), 
who crossed an early with a late variety. The parents averaged 83.8 and 
113.2 days, respectively, from time of planting to jointing, the parental 
average being 98.5 days, while the Fi gave an average of 94 days from 
planting to jointing. The Fs generation equalled the combined range of 
the parents. Some forms bred true to the parental types in F*. ^ ()ne 
form which segregated in Fa wks much less variable than the F*. This lino 
could be explained by the presence of a single heterozygous factor for 
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time of shooting. The author suggests that three multiple factors will 
explam the results. 

Kock (1917) crossed Karang Serang, an early maturing, good-quality 
rice, with Skrivimankotti, a variety of lugh-yielding ability. Results 
were not easily explained on a factor basis. After 7 years some hybrids 
showed considerable uniformity. Improvement in quality and quantity 
of yield were obtained as shown by a comparison of the parents and the 
better of these hybrid lines. 

The pure-line method of breeding rice as well as hybridization has been 
of value in producing new varieties. Chambliss and Jenkins (1928) 
described several improved varieties produced at thci Rice ICxporiment 
Station, Crowley, La. Methods of breeding rice are similar to those 
described for other normally self-pollinated small grams. 



CHAPTER XII 

COWPEAS, SOYBEANS, AND VELVET BEANS 

Cowpeas, soybeans, and velvet beans belong to the group of natura,lly 
self-fertilized crops. The fundamental principles involved in breeding 
crops of this group have ah-eady been discussed. It suffices here to point 
out that the method of breeding these three legumes does not differ 
essentially from that for the group. 


COWPEAS (.Vitjnu 

Origin. A wild plant closely related to the cultivated cowpea grows 

quite generaUy over the continent of Africa. The wild form differs from 
the cultivated in having smaller seeds and in ha'dng pod valves which coil 
in ripening. The two forms may be hybridized with ease. This fact 
and the fact that wild cowpeas have been found in no other place, are 
generaUy accepted as evidence (Piper, 1916) that the cultivated form 

arose in Africa. , , , j u 

Description and Inheritance.— The cowpea resembles the garden bean 
in general appearance. Some varieties grow erect while others are vin^ 
Uke and trail over the ground. 'The pods are rather long and contain 
from 6 to 15 seeds each. Flowers are white or nearly white and pale to 
medium violet purple and arc shaped like those of the garden pea. Seed 
coats vary a great deal in color— some arc mottled, others unicolored. 
The life period of this plant is too long to permit its growth very far north, 
and for this reason an earlier maturing cowpea is desirable. 

Size and shape of pod and seed have been used to separate the larger 
groups. No studies of inheritance of these major differential characters 
have been made. 

Color inheritance with particular reference to the seed coat has been 
studied by SpUlman (1911) and more recently by Harland (1919a, b, c, 
1920). Anthocyanin coloration in the stem and leaf stalk is dependent 
on a single factor difference X, dominant to its absence. The inheritance 
of seed-coat pattern involves factoi-s B (black), N (buff), M (Maroon) 
and B (Red). 
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Factor system for seed-coat colors: 


Black 

Black 

Black 

Black 

Brown 

Buf 

Maroon 

Red 

Now-Era patt(‘rn 
White 


B N M R 
B N m R 
B n m R 
B n M R 
h N M R 
h N m R 
h n M R 
h n m R 
E R 

Absonoo ol R 


\ • 

^ PuiplS^olor of the ripe pod is dependent on one main factor difference P 
Each orthe three factors Bj E, and P produces anthocyamn pigmentation 
in the ^^ung pod, calyx, and peduncle. Whether these three factors, 
each dominant to its absence, constitute a triple series of multiple allelo- 
morphs or occupy different loci very near together in the same chromo- 
some, has not yet been established. 

In crosses between black cowpeas and the variety Black Eye, Spillman 
found the patterns known as Holstein (pigmented area covering micropy- 
lar end and isolated spots of pigment on the non-pigmented area) and 
Watson Eye (pigmented area around hilum with indistinct margin at 
micropylar end of seed, micropylar end covered with fine dots of pigment) 
appearing in the F% generation. This indicated the origin of varieties 
which bear these seed-coat patterns. 

The inheritance of flower color in the cowpea, according to Harland, 
is rather simple. In crosses between dark and pale, also between dark 
and white, the segregation in the P 2 generation proved to bo that of a 
monohybrid with dark behaving as the dominant. Spillman (1913) 
found correlations between the production of certain seed-coat colors 
and the occurrence of anthocyanin in the flowers. 

Root knot (Iletei'odera radicicola) and wilt (Neocomiospora vaainfecta^ 
var. tracheiphila) ai^e the two most serious diseases of cowpeas. The 
former is due to the attack of a nematode, the latter is due to a fungus. 
The variety known as the Iron cowpea possesses resistance to both of 
these diseases. According to Orton (1911) this disease resistance is 
inherited as a donoinant character. The generation is too variable to 
be satisfactorily explained on a monohybrid basis. Resistance is, how- 
ever, definitely inherited and can be easily isolated from the segregating 
generations after a cross has been made. 

Some Results of Selection and Crossing. — The characteristics of an 
ideal cowpea are resistance to nematodes and wilt, upright habit of growth 
with pods borne high, and high-yielding ability. With this ideal in view 
the United States Department of Agriculture has conducted extensive 
investigations. 
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Attention was first called to the Iron cowpea by T. S. Williams of 
Monetta S. C. He found it would thrive on “pea-sick” soil where 
other varieties were a complete failure. On learning of this resistant 
variety, Orton gave it a thorough trial and found it possessed resistance. 
Measures were immediately taken to increase and disseminate the Iron 
cowpea generally throughout the southern United States. Because 
the Iron variety did not produce as large yields of seed and forage as 
some other varieties such as Unknown, breeding was resorted to for the 
purpose of producing a high-yielding resistant strain (Webber and Orton, 



J-IQ 3g Iron cowpea vs. Black and Tuylor, Hhowing comparative rosistanno to the wilt 

and the root-knot. Iron in center and Bhwik and Taylor at right and left respectively. 
{After Orion.) 


In addition to disease resistance this variety has a relatively upright, 
bushy habit of growth but the seed production is low. At first a large 
number of sprawly forms, such as Red Ripper, (.Hay, Black, and Unknown 
were crossed with Iron. None of the segregates from those crosses proved 
particularly desirable. Later more attention was given to the selection 
of parents on the basis of habit of growth, fruitfulness, and position of 
pods. The necessity of a selection of parents on the basis of desired 
characters cannot be overemphasized. Whippoorwill and New Era 
are desirable varieties with respect to the three characters mentioned 
above. 1 The variety Monetta was the best segregate obtained by 
Orton from a cross between Whippoorwill and Iron. Brabham, a variety 
which has consistently shown itself superior to Monetta, is the result 
of the same cross made by a farmer. Both of these varieties of hybrid 
origin possess disease resistance and to a certain degree the other desir- 
1 The following information was furnished by tho courtesy of Dr. C. V. Piper. 
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able agronomic characters More recently Morse, of the Forage Crop 
Investigations Office, Bureau of Plant Industry, has crossed Brabham 
with Groit (a hybrid of Whippoorwill and New Era). Victor, one of the 
segregates of this cross, will be distributed in the near future. Concern- 
ing the merits of this new variety, Piper makes the following statement: 

Victor cowpea is absolutely resistant to nematodes and wilt, is a tall bushy 
variety, extremely fruitful, and, all in all, it seems conservative to say it is by 
far the best variety of cowpea ever yet developed. 

SOYBEANS (^Soja max) 

Origin. — The soybean is of ancient cultivation. Japan, China, 
Korea, Manchuria, northern India, and the islands of Java have grown 
this plant for centuries both as a human food and as feed for animals. 
In Japan and Manchuria the cultivated soybean is erect in growth. Its 
nearest wild relative is a small-stemmed, trailing plant with smaller flowers, 
pods, and seeds. This wild form is found in Japan, Manchuria, and China 
The varieties of soybeans found in India are intermediate between the 
two types just mentioned. According to Piper and Morse (1910) 
all intergrades between the wild plant and the cultivated erect form may 
be found, so there is little doubt that all forms belong to one species 
{Soja max). 

Classification and Inheritance. — The numerous- varieties of soybeans 
show many different combinations of characters. Varieties differ in 
habit of growth, some being erect, othei'S more procumbent and several 
truly vining. Color and shape of seed and pods, color of flowers, color of 
pubescence of the pod, and time of maturity are characters which have 
been widely used in varietal and group classifications. 

Some work has been done on the inheritance of characters in soybeans. 
Beans with green cotyledons may have green seed coats, while beans with 
yellow cotyledons may have either green or yellow seed coats. ^ H. Terao 
(1918) of the Imperial Agricultural Experiment Station, Tokyo, Japan, 
has discovered that in a cross of green cotyledons, green seed coats 9 X 
yellow cotyledons, yellow seed coats — the inheritance of the green 

seed coat apparently was matroclinal; likewise, the inheritance of the 
character of the cotyledons. In the reciprocal cross the character of the 
cotyledons again proved matroclinal in inheritance but the seed-coat 
character segregated as a monohybrid with green dominant. In explana- 
tion of these facts it is assumed that the two kinds of chlorophyll con- 
cerned differ in that one remains green (G) and the other turns yellow 
(F), It is further assumed that the inheritance of these conditions in 
the cotyledons is through the cytoplasm or chromatophores and not 
1 Black and brown pigments also appear in the seed coats of certain varieties. 

' These pigments are entirely independent of the green and yellow colors but they 
make the green and yellow colors indistinct. 
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through the nucleus. In the case of color of seed coat a Menclelian' factor 
pair is involved. When H is present it prevents the chlorophyll (F) in 
the seed coat from changing to yellow. When tins factor is absent the 
small letter h is used. 

Table LIII, taken from Terao, illustrates four possible combinations. 
(G) and (F) are transmitted only through the cytoplasm of the egg cell. 


Table LIII. — Inhbuitan<ie oe Cotyledon and Kbed-ooat Oolok m Soybean 

( JliOHSKS 



CU’ossins No. 1 

Ch*ossing No. 2 

Parents 

{(1)11119 X (r)Wtd’ 

{(})nH9 X {Y)nu<^ 

Cotyledons 

grinni y<‘llo\v 

grtuMi yellow 

Seed coats 

gr(*(‘n yellow 

gr(M*ii green 

Pi 

{a)Ilh 

(a)[IH 

Cotyledons 

fi;r(‘(ai 

gr(‘oii 

1 

Seed coats 


gr<^en 

P2 

{(!)nii {(i)iih {a)hh 

iOHH 


25 ])<‘r 50 per 25 p<‘r 

100 per 


e(*nt cent e('nt 

e(Uit 

Cotyledons 

jrr(H‘n jfreon gr(‘(»n 

green 

Seed coats 

^»:reeu green gr(‘on 

green 



Crossing No. 3 

Crossing No, 4 

Parents 

{Y)hh9 X {(})iriD? 

{Y)Hri9 X 

Cotyledons 

ycillow green 

yellow green 

Seed coats 

yedlow gr(‘en 

grcien green 

El 

(Y)nh 

(Y)f{H 

Cotyledons 

y(‘llow 

yellow 

Seed coats 

green 

green 



{r)III[ (Y)Hh {Y)hh 

{Y)HJl 


25 p<ir 50 per 25 per 

100 per 


cent cent ct^nt 

eont 

Cotyledons 

y<dlow ytdlow yellow 

yellow 

Seed coats 

green green yellow 

gn^on 


Somewhat different resultB wei*c obtained by Woodworth (1921) in 
studies of the inheritance of seed coat and cotyledon color. Yellow 
cotyledons were dominant to green and there was no evidence of maternal 
inheritance. Green seed coat proved to be dominant to yellow. Repul- 
sion between green seed coat and yellow cotyledon and between yellow 
seed coat and green cotyledon was found with about 13 per cent crossing 
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over. The following factorial analysis was suggested to explain the 
results : 

Y, factor for yellow pigment and cotyledon 

0, factor for green pigment in cotyledon 

1, factor causing green pigment to fade out at maturity, i, green cotyledon in 

absence of D 

D, duplicate of I; d, green cotyledon, in absence of / 

V, factor for green seed; v, yellow seed coat 

Tawny-colored pubescence was found to be dominant to gray and the 
F 2 generation indicated a monohybrid segregation. In the F 2 generation 
of a cross involving hilum color 9 black to 7 brown were obtained. Com- 
plete linkage was found between the factor for tawny pubescence and 
one of the complimentary factors for black hilum. 

In a later paper Woodworth (1923) reported that dark-colored pods 
were dominant to light colored, and purple flowers dominant to white. 
In each case a 3 : 1 segregation was obtained 

Two types of growth habit were described, a tall, luxuriant, late- 
maturing type and a low, compact, early maturing typo. In inheritance 
the former was found to be dominant to the latter and the F 2 generation 
indicated that the two types differed genetically by a single factor pair. 

Breeding. — Pure-line selections of soybeans have been made on the 
basis of oil content, yield (both of seed and forage), persistence of leaves, 
and other economic characters. Varieties like Wisconsin Black retain 
their leaves green until practically all the pods are ripe. Another character 
of considerable importance in the soybean is frost resistance. It has been 
found in trials at the Arlington Experimental Farm near Washington, 
D. C., that varieties differ appreciably in this character in both early spring 
and late fall. Most of the late varieties were killed. This would indi- 
cate that the hereditary difference between varieties in frost resistance is 
without doubt in part a matter of the degree of maturity which the 
plants have reached at the time of frost. Considerable artifleial hybridiz- 
mg has been done by Morse of the United States Department of Agricul- 
ture. While soybeans have been grown in the Orient since ancient times, 
their general growth in the United States and Europe is comparatively 
recent. As a consequence, investigation with this crop has not pro- 
ceeded much beyond the stage of variety testing and strain isolation. 
Then, too,, there are so many vanetios of different habits of growth that it 
has been possible to find a variety adapted to almost any locality. As 
the real value of the soybean becomes more generally appreciated, it will 
undoubtedly receive more attention from the breeding standpoint. 

VELVET BEAN (SiizoUMum) 

OrigiE. — Although little is known of the early history of the velvet 
bean it is thought that it is a native of India. The Florida velvet bean 



COWPnAiS, SOYBEANS, AND VELVET BEANS 


211 


{Stizolohium deerin^ianxm) was introduced into Florida previous to 
1875 and has never been grown much farther north because of climatic 
limitations. Southern Georgia, Alabama, Mississippi, and Louisiana 
mark the northern limits of tliis thrifty, vigorous gi-owing legume. Culti- 
vated varieties of related species of Stizolohium have been found in the 
countries surrounding the Indian Ocean. The most important of these 
is the Lyon bean {S. niveum). Hybridization between this form and the 
Florida velvet bean has produced many different types, some of which 
resemble other species of Stizolobiuxn. From this fact. Piper has sug- 
gested that possibly all cultivated forms of Stizolohium belong to a single 
species. 

Important Characters and Inheritance. — ^The Florida velvet bean is 
an annual of extremely vigorous growth. Its branched, vinelike stems 
sometimes reach a length of from 30 to 50 feet. The loaves are large and 
compound, bearing ovate leaflets. The flowers, which are dark purple 
(white in some species), are borne in long racemes. The most important 
parts of the plant from a feeding standpoint are the pods, together with 
their seeds. Mature pods cany from three to five marbled, brown and 
gray seeds. The pods are somewhat constricted between the seeds and 
are covered with a velvety pubescence. Another important agronomic 
character is dehiscence of pod. The Lyon, which has pods nearly free 
from hair, scatters its seed when ripe, the Florifla velvet bean does not. 
Pods of different varieties also differ in the.degi’ce of susceptibility to rot 
when in contact with moist soil. The pods of Yokohama velvet bean, 
from Japan, decay very easily. 

Belling,^ of the Florida Agricultural lixperiment Station, has made 
a study of the inheritance of some of the characters of the velvet bean. 
He crossed the Florida velvet bean extensively with Lyon bean and to a 
lesser extent with Yokohama and Ohina velvet beans. The Florida 
bean has a pubescence df wliitish, stiff haii-s on its leaf buds and young 
shoots while the ripe pods are covered with brownish-black, woolly, 
flattened hairs mixed with a few stiff hairs. These hairs average 1 
millimeter in length. The Lyon bean hiis a whitish, stiff pubescence on 
its young shoots, leaf, and calyx. The hairs on the pods form a fine 
down and average 0.5 millimeter in length. The F\ was covered with 
irritating hairs. The hairs on the pods were about 1.5 millimeters long. 
These contain a gummy substance in the hollow points and readily 
pierce the human skin, causing an irritation lasting several minutes. 
In Fa about nine-sixteenths of the plants bore stinging pods (long, stiff 
hairs which pierce the skin). Some were more developed than in Ft. 
Two factors are necessary for the production of stinging pods. One of 
these factors, B, is contained by the Lyon bean while C is contained by 
the Velvet bean. Color of pubescence showed segnsgation in F s, giving 

‘ See Bbluno (19l2o, 1913, 1914a, 6, 1915o,5). 
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] 3 whitish to 3 black pubescent plants. The dehiscence of pods behaved 
as a dominant. Most of the pods on the Fx plants burst open when 
mature. In the F% generation segregation occurred. Long pods crossed 
with short pods gave approximately a 3 . 1 ratio in the second generation 
although minor factors for pod length were discovered. In the inherit- 
ance of seed color it has been suggested that three factors are concerned, 
each of which produces some mottling even when heterozygous and in 
the absence of the two other factors. Purple color appears in the Florida 
velvet bean on the under surface of the first pair of simple leaves, on the 
stems as a mark on the leaf axil, on the wings and standard and on the 
stems and petioles on the side exposed to the sun; while the Ijyon lacks 
the purple color. Purple color proved dominant in and a 3 : 1 ratio 
was obtained in Fi, only a single factor being involved. The characters, 
time of flowering, size of flower clusters, and size of plant gave unmistak- 
able evidence of segregation in the second generation. Each of the 
crosses, Florida X Lyon, Lyon X Florida, and Florida X Yokohama, 
produced about 50 per cent pollen sterility in the F\ generation. Aborted 
ovules were found on plants showing pollen sterility. Belling satisfac- 
torily explained the results by postulating two factors, K present in 
Florida and L present in Lyon and Yokohama. The presence of either 
K or L, but not both, gave rise to normal pollen and ovules. Com- 
binations of KL or kl in the gametes resulted in pollen or ovule sterility. 

Mutations.— Coe (1918) has attributed the origin of early maturing 
velvet beans to mutations. C. Chapman and 11. W. Miller, both of 
Georgia, and H. L. Bloilnt of Alabama, separately discovered early 
maturing mutants growing in fields planted to com and Florida velvet 
beans. Chapman’s selection has been increased and distributed under 
the names “Georgia” and “Hundred-Day Speckled.” This variety 
requires 120 to 130 days to mature. The “Alabama” variety, which 
matures in 170 to 180 days, or about 2 months earlier than the Plorida 
velvet bean, was developed from an early maturing plant observed 
by Blotint. 

The discovery of these early varieties has greatly increased the 
acreage of velvet beans by making it possible to grow them farther north. 
In 1914 less than 1,000,000 acres were grown, whereas, in 1917, over 
5,000,000 acres were given to this crop. 

Another mutation^ which is of unusual interest because of the long 
viny habit of growth of the velvet bean, is the bush form discovered 
recently in the Alabama variety. The appearance of the bush typo has 
been found in other normally twining beans such as the common bean, 
the Lima bean, the hyacinth bean, and the soybean. The above-men- 
tioned bush or “bunch” velvet bean was discovered by R. Beasley on his 
farm near Kite, Ga. « He carefully saved the seed of a single plant in 1914 

' The following information was furnished by the courtesy of Dn. 0. V Piper. 
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and from the resultant crop grown in 1915 obtained about 50 bushels. 
The United States Depai-tmcnt of Agriculture is introducing this variety 
into various localities of the southern United States. 

For some purposes the bush variety possesses distinct advantages. 
For instance when grown with com it has no tendency to twine around 
the cornstalks and pull them down. It is also better suited for use as a 
hay crop. In appearance of pods and seeds, ability of pods to resist 
decay when on the ground, and time required to mature, the mutant is 
practically identical with the Alabama variety. 

Breeding. — Some progress has been made in the improvement of 
the Florida velvet bean by hybridization and selection at the Florida 
Experiment Station. A bean is desired which will give a maximum 
yield of forage and seed of desirable quality. Plants with bristle-like 
pubescence or small seeds with tliick hulls arc undesirable. Dehiscent 
pods and also those which decay readily when lying on moist soil should be 
avoided. An earlier-maturing strain has been sought by crossing the 
Florida velvet bean, which requires about 200 days to mature, with 
Yokohama, which requii'cs about 120 days. It is of interest to point 
out that from one cross between late varieties (Florida X Lyon) a segre- 
gate was isolated that matured a month earlier than either parent. 
This promising strain called Osceola htis found considerable favor in 
the South. Another segregate, a variety called Wakulla, obtained from 
the same cross, matures in appro.ximately 120 days. This strain has an 
undesirable character in that it shatters its seed when ripe. The material 
available furnishes an opportunity to obtain further improvement by 
crossing and selections. 
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FLAX AND TOBACCO 
FLAX 

Flax has been reported to have been grown by the Lake Dwellers of 
Switzerland as early as 4000 to 2000 B.C. (Chap. I). Although the 
Egyptians and Hebrews used flax to make clothing in veiy ancient times, 
httle is known of the origin of the present cultivated varieties. 

Species Crosses. — Tammes (1911, 1915, 1910) has made some 
interesting genetic studies of flax species crosses. Reciprocal crosses 
were made between cultivated varieties of Liniim m^itaUssi'^uim and the 
wild species L. perenne^ audnacum^ narhonnenese, grandijlorvvi ^ and 
angustifohum. No seeds capable of germinating were obtained except 
in the angustifohum cross. Tliis was considered a good cause for believing 
that L. angustifohmi has the best right of any of the wild species to bo 
considered the ancestral form of cultivated flax. This wild species 
differs from the common cultivated varieties in that the seeds and cap- 
sules are smaller, the edges of the partition walls of the capsule are hairy, 
and the capsules open at maturity. In general, crosses between hairy 
and glabrous races showed dominance of the hairy condition in Ft and a 
segregation of 3 hairy :1 glabrous in F^. The open type of capsule was 
imperfectly dominant in Fi, i,e., the capsule did not open as widely as in 
the open parent. Segregation occurred in F 2 . Parental typos, i.c., 
homozygous open and homozygous closed Knes, were produced in later 
generations. Three or four factors were necessary to explain results. 

In a later study. Miss Tammes (1923) compared the mode of inherit- 
ance of eight independently segregating pairs of factors in the two species 
L. usitaUsmnmn and L* angusUfolium, Two of the same genes condition 
the development of the same character in the two species, five genes 
influence the character more strongly in the wild species and the identity 
of one gene has not been established. Four of the genes of L, imtaha- 
dmum are allelomorphic with four corresponding but more potent genes 
of the wild species. These facts are a further reason for the conclusion 
that L. angusHfoUum is the wild progenitor of cultivated flax. 

Interrelation of Factors for Flower and Seed Colors. — Careful studies 
of the inheritance of flower and seed colors have been made. In the earlier 
papers (Tammes, 1911, 1914, 1915, 1916) the interactions of three factors 
were reported. B and C together were found to be necessary for the 
production of light-blue flower color and when present together with A, 

214 



FLAX AND TOBACCO 


215 


which is an intensification factor, dark-blue flowers resulted. When 
C is homozygous in the presence of B, the veins of the petal are darker 
than the rest of the same petal. The veins are the same color as the rest 
of the petal when C is heterozygous in the presence of B. B and A give 
the same result when heterozygous as when homozygous. As an example 
of the care with which details were worked out and to illustrate the 
pleitrophic effect of a single factor in its influence on more than oiie 
character the results presented in Table LIV are given. In this analysis 
C alone or with A was considered to be responsible for the production of 
wrinkled petals although when B was present it inhibited the action of 
C. B alone or in the presence of A and C conditioned the production 
of blue anthers and brown seeds. When B is absent the seeds and anthers 

are yellow. , , , , , . 

Further studies of Miss Tammes (1922) have led to the conclusion 

that several other factors condition color, shape, and breadth of petal 
and the color of the anther and sised coat. Six factors influence petal 
color. These are A, B/ C, D, K, and F. B' and C" are retained m 
place of B and C aiul are necessary for the production of color, although 
when A, D, E, and F are recessive extremely light-pink color is produced. 
^ is an intensification factor of greater strength than A . When both A 
and E are present they have a cumulative effect. 1) with B and C 
conditioned the development of lilac color while these factors in the 
presence of F were necessary for the development of blue color. 

Common blue flax, therefore, contained all six factors; light blue 
carried the dominant condition for all except A which is recessive. The 
recessive of C" is the usual cause of lack of color in coinmon white flax. 
Blue color in the anthei-s is dependent upon the interaction of B', I), and 
H, and if any of the three are recessive, yellow anthers are produced. 
Thus either blue or white flowers may have either blue or yellow anthers. 
Color of seed coat is dependent upon a complex of factors designated by 
0 D inhibits the action of G and when both 1) and G are present the 
seed is greyish green. Furthermore, the inhibitory action of i> is 
neutralized by B'. C and D together produce crimpiness of the petal 

although B' neutralizes their action. 

Miss Tammes has obtamed 4(1 different flower colors— blue, light 
blue, and lilac— which illustrates the complexity of the inheritance of 
color. Three series of multiple allolomorplis are known. As there osc 
15 pairs of chromosomes in flax, the materia is not very favorable for 
genetic linkage studies. 
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Table LIV. — Second and Third GenkkatoRvS op a Cross between a White 
Flowered Variety with Blue Anthers and Brown Seed (AABB) and a 
Crinkled White Variety with Yellow Anthers and Yellow Seed 

(A ACC) 


In this table 


d.bl.flr. 

- dark blue flowor 

Lbl.flr. 

= liglit 1)1 no floweT 

w. 

= white flowin’ 

c.w. 

= crinkled whiti' flower 

br.s. 

= l)rown seed 

y.s. 

= yellow seed 

bhst. 

= ])liie stamens 

y.st. 

= yellow sf-anu*iis 

with V. 

— with darkcM’ veins than the r(‘inaind(*r of the petal * 

without V. 

- with vi'iiis of the saim^ color as tlu^ }>ody of the petal 


cxpfcL'd 


/’a <'xp<*ct(‘(l 

F- 

obtained 

1 AA/iJi('r 



Only d.bl.flr, witli v., bl.st., br.s. 


400 phiutfl in 

d.bl.Ilr. with v., 





HevfTal f.'irni- 

br.H. 

■ H 

2IM 



licH. 

2 AABOCC 



d.bl.flr. with V., bl.st., br.s 

. . 3 

(50 

as above J | 


c.w., y.Ht., y.fi 

. . 1 

21 

1 

2.‘Ia;^/nv 1 


d.bl.flr. with v., bl.Ht., br.s. . . . 

. . 1 

4 

d.bl.flr. without v., 


d.bl.flr. without, v., bl.Ht., br.s. . . 

...2 

S 

bl.Ht., br.fl. 1 

4 AABhCc 

:■ h 



. . 1 

2 

d.bl.flr. with v., bl.Ht., br.H 

...3 

31 

as above* J 


d.bl.flr. without v., bl.Ht., br.H. . 

. .. (5 

(53 




, . . 3 

34 



c.w.flr., y.Ht., y.H 

, . . 3 

2,3 



w.flr., y.Ht., y..H 

... 1 

0 

1 AABJirr 
w.llr., bl.ftt., br h. 



to breed true. 


1,317 plautH in 

H<‘V<‘r,ul fami- 

■ H 

203 



li(‘H. 

2AABb^fl j 



w.flr., bl.Ht., br.H 

. .. 3 

1,271 

as ub(>v(‘ 



w.flr., y.Ht , y.H 

... 1 

3(51 

1 AAhbCa 

1 


t(» breed tru<*. 


,305 

c.w.flr,, y.Hft., y.R. 

2 AAhbOo 

r‘ 

1(57 

c.w.flr., y.Hfc., y.H 

...3 

obtained such 

c.w.flr., y.flt., y.s. 

1 


w.flr., y.flt., y.fl 

... 1 

HeKr(‘ga(,ior). 

1 AAbhae 1 j 

7‘1 

to brc<‘d true. 


402 

w.flr., y.Ht., y.H. j 






Behoription op Fio. JIO. 

1. Binfflo flower- -r, eulyx; 6, corollii. 

2. Hruueh fthowing- a, Htw<l; h, cnlyx; r* flowor juni after })loominK; d, ImcL 

3. Calyx and corolla rcraovo<l,to show sexual organs in position — a, anther; h, fdamont; 
c, stigma; d, one of 5 divisioim of style; ovary. 

4. 0. Crows and longitudinal wciotion of ovary. 

5. Ovaryt stigma, and i5-lolxid style. 

7, Cross section of anther. , 

8. Author. 

Size; 1, about &n; 2, about n; 3, nearly 4n; 4-8, greatly enlarged. 
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Inheritance of Size Characters. — Studies of length of seed were made 
with crosses of the wild angmtijolium and cultivated varieties (Tammcs) 
as well as with crosses between cultivated varieties Seeds were of inter- 
mediate size in F\ and segregation occurred in The number of individ- 
uals grown was not large and the parental forms were not always again 
obtained. From two to four multiple factors are necessary to explain 
results 

Length and breadth of petal were also studied Three forms were 
used, a small-petaled, w^hite-floweied variety with a petal breadth of 3 3 
millimeters, the common varieties with a breadth of 7 millimeters and an 
Egyptian, cultivated, blue-flowered variety with a mean l^readth of petal 
of 13.4 millimeters. In the cross between Egyptian blue and common 
white the factors for color of flower and seed and for size of seed were 
apparently inherited independently. Breadth of petal ranged from one 
parent to the other in F-^. Several factors for size of flower were necessary 
to explain results. The common blue with a petal breadth of 7 millimeters 
was crossed with the small-petaled white with an average breadth 
of 3.3 millimeters. In F^ all blue-flowered segregates agre^ed in size with 
the blue parent and all white-flowered segregates had small-sized petals. 
The cross between Egyptian blue and the small-petalled white gave blue- 
flowered races with petals of intermediate size in F\ and segregation for 
flower color in F 2 . The blue-flowered segregates gave a larger average 
breadth of petal than the white segregates. Three hundred plants of 
each color were examined. 


TaULB LV. — CORKELATION BETWEEN OoLOR OF CoilOElrA AND BrEADTII OF PeTAL 
IN THE Generations of Fdax C Crosses 



Bange, 

inillimeters 

Av(jrage, 

niilliineters 

300 bluc-floworcd plants . . , 

5 7-l() 2 

10 H 

300 white-fl()Wor«d plants 

2 1-10 4 

4 6 

Parent Egyptian blue 

10 fi-lO 2 

13 4 

PanMit white flowered , . ... 

2 1 4 2 

3.3 


These results were explained by supposing that the small-petaled 
white flax and the common vaiieties have the same factors for breadth of 
petal. C, one of the color factors, when alone or in the presence of A is an 
inhibition factor for flower size. B, when present, prevents the action of 
C. 

Wilt Resistance in Flax. — When flax is grown for several years on the 
same soil, a heavy infection of Fumniim Uni often results, and complete 
crop failure may occur Bolley, as early as 1901, pointed out the true 
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nature of the disease and devised methods for its control. Seed treat- 
ment and crop I’olation were shown to be beneficial as aids in the control 
of wilt. Seed selection, however, proved the most efficient control meas- 
ure. In general, l^olley (1903, 1909) found that 2 or 3 years^ selection 
under disease conditions was necessary in order to isolate a resistant 
variety. Both individual- and mass-selection methods were used. 
Similar studios carried on at the JMiimesota Station (Stakman, et al,, 1919) 
have confirmed Bolley’s results. 

Bolley (1912) stated that no adocpiate explanation had been found 
for the accumulation of resistamic when the crop w^as grown generation 



40. — and non-seloctod flax on wili-sifk soil. HiKht foreground, non- 
H<4octod ll/ix kilh^d by wilt; loft forogronud, wolootod flax; loft, background, non-solect,od; 
right background, H(‘lc<Hcd, , University Farm, Ht» l^ml, Minn,, 1918. (After Stakm>an, 
ei aL, 1919.) 


after generation in disciised Hoil. He also believed that resistant varieties 
would gradually lose their resistance when grown on wilt-free soil. 
Barker (1923) made a careful study of these questions. He found that 
some flax varieties contained no resistant or partially resistant genotypes. 
Resistance was not developed in such varieties as a result of constant 
association with the pathogonc. Wilt-resistant pure lines did not lose 
their resistance when grown on clean soil. Some varieties wliich were 
wilt resistant wore also resistant to flax rust caused by Mdamjtsoro Uni. 

As an aid to seed selection in avoidiiig wilt, early planting is advocated. 
When planted early, a susceptible variety will often partially escape the 
serious effects of wilt, Likewise, a resistant variety frequently appears 
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entirely wilt free when planted early, while a later planting may show 
partial infection. 

Tisdale (1916, 1917) has made important contributions to the nature 
and inheritance of wilt resistance. A high temperature proved to be an 
especially favorable agent in overcoming resistance. The fungus pene- 
trates the flax plant through the stomata of seedlings, the root hairs, or 
the young epidermal cells. In the resistant plant, the fungus on entering 
stimulates cork-wall formation of cells adjacent to those attacked, which 
prevents further invasion. Infection of resistant plants by aidificial 
inoculation of greenhouse or field cultures of 11711 did not occur 

in 43 trials. Check infections of susceptible plants gave 22 successful 
inoculations out of 47 trials. Tube cultures gave considerable infection 
of resistant plants although the resistance was marked when these were 
compared with tube cultures of susceptible stiains. 

The inheritance of wilt resistance was studied. A great difference in 
the individuality of plants of the same strain with respect to resistance 
was shown by their offspring. Wide variation in appearance of Fi 
progeny from different crosses of susceptible and resistant plants of the 
same strains was obtained. Segregation occurred in A part of the 
lack of uniformity of results may be explained by varying environmental 
conditions. Tisdale believes inheritance results can be explained by 
multiple factors. 

Meiliods of Breeding.— The flax plant is grown for cither seed or 
fiber. Varieties range in height from approximately to more than 
3 feet. Aside from differences in inhcntance, the thickness of planting 
strongly influences the habit of growth. The fibercrop is largely produced 
in the Old World, while Argentina and the United States are among the 
leaders in seed production. Methods of breeding for seed or fiber flax 
are essentially the same as with the small grains. 


TOBACCO 

The Genus Nicotiana. — The tobacco genus, Nicoiiana,, has been 
divided by earlier workers into four sections: Tabacum, Kustica, Petuni- 
oides, and Polidiclia (Don, 1838). More recently the latter two sections 
have been combined (East, 19l2ffl; Hetchell, 1912). East’s conclusions 
were reached by crossing N. higelovii, of the Petunioidos section, with 
W. quadrivahns, which was formerly placed in Polidiclia section. N. 
quadrivcilvifi produces four-celled capsules and is a smaUor plant than N . 
bigelovii. As the Fi hybrid was entirely fertile, there seems no good 
reason for placing these forms in different sections. The four-celled 
capsule proved to be a partially dominant character. 

From the standpoint of the student of plant genetics the Nicotiana 
genus is especially favorable material. Some of the reasons are : 
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1. Tobacco may t>e self -fertilized artificially with ease and the technic 
of crossing is very simple. 

2. Each plant produces a large number of seeds and the seed is viable 
for many years. 

3. There arc a larger number of varieties which are entirely fertile 
inter se. These furnisli especially favorable material for a study of quan- 
titative characters. 

4. The different species furnish very favoralde material for a study of 
sterility. Different crosses furnish Fi generations which differ from each 
other in sterility. The range extends from species crosses which give no 
viable seed and from completely sterile Fi crosses, to entirely fertile ones. 

Studies of chromosome numbers with various tobacco species have 
been made. Goodspeed (1024) reported 9 pairs in N. langsdorffiif N, 
alata, and N. longljlora; (ifc is of interest that (data and langHclorffii have 
been used extensively by East in studies of self-sterility) ; 12 pairs in N. 
glauccij N, aylvr.strii^y N. 'punicvlatay N. glutinma^ and N. acummaia; 
24 pairs in N, tabarum, N, nisticM>j iV. bigclotnij and midicrndh. Tobacco 

is favorable material for studies of chromosomal behavior in species 
crosses and for studies of chromosomal aberrations, (dausen and 
Goodspeed (1924) have studied a trisomic cliaractcr ^'enlarged which 
appeared in crosses of tabaemn varieties. It was found to bo dependent 
upon an extra chromosome. Only about 35.5 per cent of the functional 
ovules of enlarged transmit the character and about 3.4 per cent of the 
pollen grains. There was no evidence to support the belief that perma- 
nent increase of chromosome numl^ers may result from non-disjunction. _ 

In a study of species crosses between glutinom and tahacim which con- 
tain 12 and 24 pairs of chromosomes, n^spectively, Clausen and Goodspeed 
(1925) verified a hypothesis presented by Wingc (1917). It was pointed 
out by Winge that successive doubling of the chromosomes would give 
rise to geometrical rather than arithmetical ratios. Ho suggested that 
interspecific crosses followed by doubling of chromosome numbers would 
better explain some results. Thus certain tctraploids would have the 
formula 2{n\ + na) chromosomes, where ui and represent the haploid 
numbers. Such a condition has already bc^on mentioned for a species 
cross of wheat reported by Tschormak and Bloicr (192<>). Glauson and 
Goodspeed (1926) reported a case of a cross of N. gluUnom X iV. tabaaum 
which bred true for the Fi appearance and which contained 72 chromo- 
somes of the formula 2(12 + 24). 

In another species cross (Clausen and Mann, 1924) between N . 
tobacum and N. sylmstrin^ two haploid plants were obtained. Each 
resembled its tabacum parent in all characters although on a reduced scale. 

The Tabacum section is represented by numerous varieties of the 
species Nicotiand tabacum. These are natives of the New World. All 
commercial tobacco grown ih the United States belongs to this species. 
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The Rustica section includes all the yellow-flowering species and 
varieties. These are of commercial importance in some countries. 
In India for example, they are successfully grown commercially and for 
some purposes prove more desirable than the tahacum varieties (Howard, 
et aLj 19106, c). Among these rustica forms are thiee groups, (a) one in 
which the pistil is longer than the stamen and, therefore, one which must 
be artificially pollinated by hand or crossed by the aid of insects , (6) an 
intermediate type; and (c) forms in which the stamens and pistil are so 
arranged that self-fertilization is the usual rule. 

The Petunioides section contains numerous varieties and' species. 
Many of these are grown as ornamental flowering types. 

Parthenogenesis. — Parthenogenesis, meaning the production of 
viable seed without pollination, was shown by Goodspecd (1915) to occur 
in N. tabaemn, variety Cuba. Under normal conditions its occurrence is 
rare. Wellington (1913) did not find parthenogenesis m a considerable 
series of experiments and with numerous treatments under greenhouse 
conditions Several species as well as several commercial varieties of A. 
tahacum were used in this study. Howard (1913) states that partheno- 
genesis m N. tabacum does not occur under normal but may occur under 
abnormal field conditions, at Pusa, India. The occurrence of partheno- 
carpy and parthenogenesis have never been observed by Howard (1924) 
in any of the Indian typos of Nicoliana rmhea. Howard and Ram (1924) 
extensively studied two varieties of N. tabacum furnished by Mrs. R, 
Haig Thomas who reported considerable parthenogenesis among varieties 
and hybrids of A. tabacum in England. No parthenogenesis was observed 
in India. 

Sterility. — Studies of crosses between A. tabacum varieties and A. 
aylvedrisj which belongs to the Petunioides section, have been made by 
Goodspeed and Clausen (1917). The Fi generation proved to be nearly 
sterile, although a few apparently normal pollen grains were produced 
These could not be caused to germinate m their own stigmatic fluid or in 
other media. A few normally maturing ovules capable of fertilization 
were produced by the Fi plants. If the plants were kept under poor 
cultural conditions and the flowers pollinated by their respective parents, 
approximately 1 per cent of the number of seeds normally produced was 
obtamed. If backcrossed with the nylventris parent, practically 10 per 
cent of the offspring of the seeds produced are pure syhestris. When 
crossed with tabacum j part of the plants from the seeds produced seem to 
be of normal tobacco type and are fertile; others resemble tabacum but 
are sterile. The Fi plants closely resemble the pariicular variety of A. 
tabacum which is used as one of the parents. 

Studies of self-sterility in tobacco crosses have been made by East 
(1919a, 6, o). East and Park (1917, 1918) studied crosses between A. 
Jorgetiana and A. alata which are self-sterile, and A. langsdorffii^ a self- 
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fertile species. Alata and forgetiana varieties sometimes produce seed 
late in the flowering season, although during periods of rapid growth they 
are entirely self-sterile. The few seeds obtained under reduced cultural 
conditions from sclfing these self-sterile species are spoken of as cases of 
pseudo-fertility. "" 

Results of crosses between self-sterile and self-fertile varieties are 
given in the following table: 


Table LVI. — Inheritancie op Sterilitv in Crosses between Self-fertile and 
Self-sterile Tobaoco Species 


PariMits 

P\ 

1 F‘2 

Forgetiana X Laiigsclorflii 

S(ilf-f(Ttilo 

vigorous 

144-sclf-; 

fertile 

.27 solf- 
slcrilo 

Alata X Langsflorflii 


1()2 self-: 

:js self- 

vigorous 


storile 


The self-fertile condition proved dominant in f<\ and a i-atio of approxi- 
mately 4 self-fertile:! solf-stcrile plant was obtained in F~i. Tlio s(df- 
sterile plants of Fa proved self-sterile in later geiun-ations. JOast explained 
these results by a dominant factor, F, for fertility and a subsidiary 
factor, D, for pseudo-fertility which exhibits itself only in the presence 
of the factors for sterility, ff. This pseudo-fertility factor produces 
some fertility under certain conditions, thus tending to lower the number 
of self-sterile forms. 

Blast has suggested that differences in the rate of pollen germination 
are largely responsible for the difFoTOnces in the length of pollen tubes 
from compatible and incompatible pollinations. When self-sterile 
plants are self-pollinated the pollen grains germinate but the pollen tubes 
grow so slowly that abscission of the flowcir occurs before the pollen tube 
reaches the ovary. 

East and Mangolsdotf (1925) have summarized the results of e.xtonsive 
studios of inheritance of self-sterility in N. data and N. forgetiana. The 
following quotation is from Mangeldorf’s statement in Botanical Abetracte: 

The progeny of a cross between two self-stcrilo individuals oonsists of a small 
number of sterility elassra, (MKih member of a given class being reciprocally sterile 
with every other member of that class; but reciprocally fertile with members 
of other chvssos. Three such classes were prestmt in thd populations studied. 
Wlxen members of two different classes were croswul, tlu) progeny consisted of two 
of the three classes in equal numbers, the class of the female parent being always 
absent in the progeny. 

The results were explained by the hypothesis of three allelomorphic, 
sterility factors, Si, and S 3 . The three cla.sscs were of the genotypes 
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S 1 S 2 , SiSst and It was supposed that a plant could be fertilized 

only with pollen-bearing factors other than its own. 

Color Characters. — Color of corolla has been studied for Nicotiam 
crosses. East (19166) found that in crosses between N. langsdorffit and 
N, alata there was a dominance in Fi of yellow over white in the color 
of the corolla. The langsdorffii parent produces blue pollen and the 
alata yellow. Reciprocal crosses gave blue pollen in although the 
color was somewhat lighter than in the blue-pollen parent. Results in 
F 2 showed 342 plants with blue pollen and 100 plants with yellow pollen 
Yellow-pollen plants bred true m Fz* In this case a cross between 
species which exhibits a monohybnd ratio exists. 

According to Allard (1919a) iV. tahacum exhibits three distinct 
flower colors — carmine, pink, and white. In crosses between canuine 
and pink the Fi was carmine. The Fi pollinated with the carmine parent 
gave all carmine-colored progeny while the Fi crossed with the pink gave 
carmine and pink in a ratio of 1 • 1. This indicates that carmine and pink 
differ in one genetic factor. In a cross of carmine and white the F\ was 
all light carmine. In F 2 there were 54 carmine, 95 light carmine, 26 
dark pink, 38 light pink, and 65 white. Some of the exi.racted whites 
revealed a tinge of color, drosses of extracted whites with pink gave 32 
carmine and 62 pink, showing that extracted whites sometimes carried 
a carmine factor. The factor relations are not entirely clear. 

Several analyses of the inheritance of flower color have been made and 
several factors have been used to explain the results. Thus CJlausen and 
Goodspeed (1921) explain various colors of the flowei*s of iV. tahacum by 
the interaction of three factors while Sachs-Bkalinska (1921) found eight 
independent genetic factom concerned in the complete pigmentation of 
N. sandarae. 

Quantitative Characters. — Many of the so-called size characters of 
tobacco are of great commercial importance. For this reason their 
mode of inheritance is of much interest to the breeder. Extensive studies 
of inheritance of these size characters have been made. Inheritance of 
leaf number will be given as an example of a common type of inheritance 
of size characters m this group. Sumatra, which averages 27 leaves, was 
crossed with Broadleaf, which gives an average of 19.4 leaves. The 
results for the parents and to Fz generations as obtained at the Con- 
necticut Station are given in the following tabic (Hayes, East, and Rein- 
hart, 1913): • 
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Table LVII.— Tmhekita.vue of Leaf Ndmhbu in Cross (403 X 401) Sitmatra X 

Buoadlbaf 


Number 

pirowii 

I 

Lciivcs 

of 

parent 

Hango of 
variation 

Toi.al 

Mtian 

C. V. 

403 Suimild-a. . 

1010 

Pi 


24-31 

150 

28.2-4:0.08 

5.27 + 0.21 

403-1 

101 1 

P^l 

20 

23-31 

125 

20 . 5 f 0 . 1 1 

G.04±0 28 

403-1-2 

1012 

/*;: 

20 

21-32 

151 

20.2 ±0.12 

8.28 + 0 32 

401 BrojulU'af , . 

1010 

Pi 


L7-22 

150 

10.2 ±0.05 

5.00 + 0.19 

401-1 

1011 


20 

l()-22 

108 

19.1 ±0.08 

0.54+0.30 

401-1-1 

1012 

/^3 

22 i 

17-23 

145 

19.0+0.07 

0.03+0.24 

403 X 401 = IF 

1010 

Pi 


10-20 

150 

23.0+0.07 

5.51 +0.21 

B-1 

MOl 1 

Pt 

2r> 

j 17-32 

2,402 

22.7±0.03 

8.00 + 0.11 

B-3 

1011 

P. 

21 

- 17-35 

1,032 

22. ,5+0. 03 

0.51+0.10 

«-l-4 

1012 

Pll 

2") 

10- -20 

171) 

22.5+0 .*12 

10.84 +0.30 



1012 

Pz 

22 

i7--2H 

207 

21.5 + 0.10 

10.14 + 0.34 

/^-1-S 

1012 

Pz 

2S 

10-33 

82 

20. 3 ±0.30 

10.38 +0.55 

W-IO 

1012 

Pz 

20 

10 -27 

151 

23.1 ;1;0.10 

7.75+0.30 

BAA2 

1012 

Pz 

25 

18-30 

200 

23.7±0.14 

10.51+0.41 

B-l-U 

1012 

Pz 

25 

10 -20 

50 

21.8±0.14 

7.18 + 0.40 

/?-3-5 

1012 

Pz 

27 

17-28 

150 

2I.7±0.11 

0.45 + 0.33 

/?-3~0 

1012 

Pz 

28 

ir)-27 

220 

22.5 + 0.09 

8.71 ±0.27 

^-3-8 

1012 

Pz 

25 

17-23 

85 

20.()±0.12 

8.25 + 0.43 


Tho Brofwlloaf variot.y is ocnnmonly grown in one section of the Clon- 
nectioiit Valley uufl is ((sp<!oiully valuable for cigar wrappers. Sumatra, 
which is an imported variety, produces many leaves per plant but they 
are small. As may be seen from an examination of tho table, the F\ had 
an intermediate number of leaves. Segregation occurred in Fz and 
selected /'’a plants gave Fi families which iliffered in tho average number 
of leaves. /i-l-M, showed tho lowest coefficient of variability of any Ft 
family. Progeny of this same F^ plant were also grown at another 
locality and they proved unifonn in number of loaves, the calculated 
coefficient of variability being (1.44 ± 0.27. B-1-10 gave a low coeffi- 
cient of variability and a moan leaf numlx^r which wtis about the same as 
in tho F\ generation, i.c., intermediate between the parents. 

A cross was studied Ixstwoen (lonnocticut Havana, which is grown 
as a wrapper and binder tobacco both in the Oonnocticut Valley and in 
Wisconsin, and duban, a variety commonly grown under shade. The 
parents and /'’i gave about the same number of leaves but in F^ transgres- 
sive segregation occurred, forms being obtained with a higlier and lower 
leaf number than in either parent. The inheritance of size and shape 
of leaf was likewise investigated. The Cuban variety gives a short broad 
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leaf and the Havana a longer leaf which is proportionally narrower than 
the C^^uban Lines were obtained in Fs which bred true, respectively, 
to the parental-leaf shapes. 

East (1916a) has listed eight requirements, most of them independent 
mathematically, which should be met if size inheritance is typically 



JTJCJ 41 —X, N alata grandifiora; B, Pi of N, langsdorffii X N, alata orandi.fiora; C, N. 
langsdorffii (1911) , D and M, extremes of the Fa generation (1912) X {After East.) 


Mendelian, when all populations succeeding the original cross are obtained 
by growing progeny of single self-fertilized plants. These are: 

1. Crosses between individuals belonging to races which from long continued 
self-fertilization or other close inbreeding approach a homozygous condition, 
should givei^i populations comparable to the parental races in uiufornuty. 

2. In all cases where the parental individuals may reasonably be presumed to 
approach complete homozygosity, F 2 frequency distributions arising from extreme 
variants of the Fj population should be practically identical, since in this case all 
Fi variation should be due to external conditions, 

3. The variability of the F 2 population from such crosses should be much 
greater than that of the Fi population. 

4. When a sufficient number of Fz individuals are available, the grandparental 
types should bo recovered. 

5. In certain cases individuals should be produced in Fz that show a more 
extreme deviation than is found in the frequency distribution of either 
grandparent. 
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6. Individuals from various points on the frequency curve of an population 
should give Fz populations differing markedly in their modes and means. 

7. Individuals either from the same or frcjm different points on the frequency 
curve of an Fa population should give Fz populations of diverse variabilities 
extending from that of the original parents to that of the Fo generation. 

8. Ill generations succeeding the Fo, the variability of any family may be less 
but never greater than the variability of the population from which it came. 

All of the above eight conditions have been obtained in experi- 
ments and no fact directly opposed to them has been discovered. 

The quantitative characters in tobacco which have been studied are, 
therefore, typically Mendelian in their inheritance. A list of these 
characters and of the authority for the inheritance is here given. Not all 
papers on this subject are included. Those given show the general 
behavior of many of the characters in inheritance. 


Tablu LVIIl.'— Tniikritancu (>:<’ Toha<;c<) ( -iiAitACTKits as Shown hy Rksults op 

( ^KOSSIOS 


( -luiraottH' 

drown in 

Authority 

Height of plant 

Fi 

Jensen, 31)07 

Height of plant 

A’l, F, 

Hayes, 1012 

Height of plant 

Fi to F4 

Howard, 1013 

Number of l(‘aveH 

Fi to Fz 

Hayes, LCast, and Beinhart, 1913; 
Howard, 1013 

Leaf size 

Fi to Fa 

Hayes, Kast, and Beinhart, 1913 j 
Howard, 1013 

Leaf siiap<! 

Fi to Fs 

Howard, 1913; Hayes, Kast, and 
Beinhart, 1913 

Spread, length and duun<‘t.(T of eoroHa. 

F\ t'O Fa 

(loodspeed, 1012, 1013; Kast, 

19tG/> 

Sucker inheritane(‘ 

Fi to Fa 

Johnson, 1910 

Base of leaf 

Fi to Fa 

Howard, H)13 

Many eharaeters of A. rmlira 

F\ and Fa 

Howard, 1924 


The reHults obtained in tli<«e studio« of tobaoco show that segregation 
occurs in Fti for size characters and that forms similar to tho parents as 
well as new sorts may be ol)tained in later generations. 

In some cases certain characters of commercial varieties can be 
explained on the basis of definite genetic factors. Kajanus (1924) found 
that green color of leaf was dominant over the yellow-leaf character of 
White Burley and that a ratio in Fe of approximately 15 green; 1 yellow 
was obtained while Kelaney (1924) explained certain leaf-base characters 
on a definite-factor hypothesis. One of tho factors for tho leaf-base 
character was linked with a factor for flower color and gave a crossing- 
over percentage of 7,6. 

Disease Resistance in Tobacco. — There are numerous plant diseases 
which are very injurious. Few studies of the mode of inheritance of 
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resistance and susceptibility have been made but resistant species, 
varieties, and strains have been observed in respect to several diseases. 
Anderson (1925) tested the reaction of 20 species of Nicotiana to wildfire 
caused by Bactcrum tabticion. All 41 varieties of N. tabacum which 
were studied proved somewhat susceptible although severa,! varieties 
wore somewhat less susceptible than others Several species proved 
resistant and all varieties of N. nistica proved resistant. 

Valleau and Kinney (1922) reported strains of White Burley resistant 
to root rot caused by Thielcitna bcuticola Certain strains which are 
resistant to root rot are of the same type and quality as the original 
variety from which they were selected. Over 75,000 acres of these 
resistant strains were grown commercially in 1924 (Valleau, 1925) 
These instances lead to the conclusion that breeding discasc-i-osistant 
varieties will in some cases prove a valuable means of controlling certain 
tobacco diseases. 

Environment as a Factor in Tobacco Breeding. — It is a matter of 
common knowledge that envh-onmcntal conditions widely modify the 
expression of characters. This is particularly noticeable in tobacco, 
where quality, size, and shape of loaf arc of such marked importance. A 
belief has been frequently expressed that environment causes a breaking 
of type. The following quotation from Shamel (1910) emphasized this 
view for tobacco: 

The writer believes that the two efiBeieut moans of inducing variability as a 
source of new types are change of environment and crossing. Ho far as the writer 
is coneenicd, the change of environiuent— usually the growing of southern grown 
seed in the north- - is the most effective means of inducmg variability. 


Statements of this nature have been used as evidence that environ- 
ment modifies the charactei-s of a pure line by inducing variability. _ A 
careful survey of experimental studies docs not support this contention. 
The development of the shade-grown tobacco industry in the (Connecticut 
Valley is of interest in this discussion. This shade method first originated 
in Florida in 1896 and was tried experimentally in Clonnecticut through 
cooperation of the ( loimccticut Experiment Htation and officials of the 
Bureau of Hods In 1900 H acre was grown and the crop sold at an 
average price of 72 cents per pound. A considerable acreage was grown 
in 1901 and the crop sold at public auction at a much higher price pr 
pound. Indiscriminate introduction of unselected seed from Florida 
was practiced and in 1902 over 700 acres were grown under shade in 
Connecticut. The result was a disastrous failure, owing to a lack of 
knowledge of methods of handling and to the use of unsclected seed. By 
further study of handling and through careful selection in which arti- 
ficially self-pollinated seed was saved, the industry was placed on a firm 
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foundation. This latter work was carried on by the Bureau of Plant 
Industry (Stewart, 1908). A knowledge of Cuban methods shows that 
imported C’uban seed is a mi.xtui'e of many types. Some experiments 
have shown that the breaking up- alluded to is an expression of the 
different hereditai-y qualities of the parental seed plants. In 1912 Hassel- 
bring grew a number of pure lines of tobacco in Michigan which he had 
formerly grown in (kxba. No e\ddence of breaking up of type was 
observed and whatever changes occurred in a pure line, owing to the new 
conditions, wore uniformly exhibited in all plants of the pure line. 
Similar conclusions were reached from the immediate introduction of 
individual seed capsules of dilTcrent tobacco plants from Cuba and their 
subsequent growth imdtir shade in Connecticut (Hayes, 1914). Careful 
studies at Pusa, India, convinced the Howards (1910a) that new condi- 
tions did not caus(‘ a breaking up of type. They ascribed the apparent 
variability of new introduciJons to cross-fertilization, which was shown to 
occur frequently in tobiicco. 

Although there hav(! b(!<m some differences of opinion as to the cause 
of variability of new introductions, there is uniformity of belief regarding 
the methods of obtaining purity of type. Aitificial self-pollination gives 
uniformity, and coutiiined self-fertilization produces no harmful effects. 
This method was strongly nKsommendod by officials of the United States 
Department of Agriculture (Shamel and Coboy, 1907) and by the different 
state experiment stations. The Howards, in India, likewise urged the 
use of self-fertilized seed. Garner (1912) states that several types have 
been inbred by growing the send under bag from 6 to 8 years without any 
observable change in vigor or habits of growth. These facts, together 
with the studies of inheritance of quantitativts characters, show that the 
pure-line thesory and Mondol’s law furnish a reliable guide to tobacco- 
breeding operations. . 

As quality of cured loaf is of such great importance in tobacco, it is 
necessary that the hnicder have a thorough knowledge of the sort of leaf 
desired. Practical breeding operations must then be carried on under 
the soil and climatic conditions in which the crop is to bo grown. An 
added complication is the necessity of basing the final judgment of a 
particular selection upon the comparative value of .the cured leaf after 
fermentation. The difficuUhis of comparing numerous strains, while not 
insurmountable, are naturally much greater than for an equal number of 
small grain selections. 

Mutations in Tobacco.— The sudden appearance of giant plants 
with abnormally high leaf number has boon recorded in the Sumatra, 
Maryland, ( luban, and ( lonnocticut Havana varieties of N . Uihacum 
(Allard, 1919). These new forms under field conditions have a much 
longer period of vegetative vigor than the normal varieties. Conse- 
quently, blossoming does not tajee place under ordinary field conditions. 
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Otherwise, the general habit of each of these new types is not very 
different from the normal variety from which it was obtained 

Two of these new varieties of giant habit are of some commercial 
importance. A short account of their first recorded appearance together 
with their cultivation as commercial varieties will be given. Giant 
plants were noted in 1912 in the Cuban variety which is grown under 
shade m the Connecticut Valley (Hayes and Bemhart, 1914). The 
history of the normal C'uban variety from wliich the giant type was 
obtained is of interest (Hayes, 1915). Seed of the normal variety was 
saved under bag, which insures self-fertilization, from 1904 to 1909, 
inclusive. In 1910 and 1911 seed was saved in bulk from plants which 
were grown under the cheesecloth cover used in producing shafle-grown 
tobacco, but individual plants were not bagged During the period from 
1904 to 1910 no abnormal types were observed. Studies of loaf inherit- 
ance in the Cuban variety were made fiom 1910 to 1914, inclusive. An 
average of 150 plants was carefully examined yearly and no aberrant 
types were observed 

In 1912 about 100 acres were grown by the Windsor Tobacco Growers' 
Corporation from seed saved m 1911, and late in the season (Jireo plants 
were discovered which had produced a high loaf number and showed no 
signs of blossoming One of these plants when taken to the Connecticut 
Experiment Station greenhouse produced 72 leaves and blossomed about 
January 1. Considerable seed was saved from this plant and acre 
of the new type was grown in 1913. The plants wore of uniform appear- 
ance. They differed from the normal Cuban in liaving leaves of a 
somewhat lighter green, in having but few basal smokers, and in a long- 
continued period of growth; whereas the normal (hi ban variety bears a 
terminal inflorescence after producing from 14 to 25 leaves on the main 
stem. 

This variety was grown commercially for several years but^ has been 
discontinuo<l because it is not equal in quality to the nonual C'uban 
variety. A similar type occurred in a Japanese variety (Tukada and 
others, 3928) and in experimental tests proved fairly satisfactory except 
for the difficulty of producing seed. This difficulty may be overcome in 
part by exposing the plants to ^hshortened days’' and thus hastening the 
production of blossoms. The experiment which demonstrated this fact 
will be briefly described after giring a short history of Maryland 
Mammoth, 

The Maryland-Narrowleaf-Mammoth type first appeared in 1907 
in the second generation of a cross between two common varieties of 
Maryland tobacco (Garner, 3912). One hundred and fifty-seven plants 
of this new form were grown in 1908 and all plants were of Mammoth 
habit. This new variety has been grown commercially since that time 
and retains its characteristics of high ,leaf number and non-blooming 
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habit under normal field conditions.^ Accurate information regarding 
the acreage of Mammoth tobacco in southern Maryland is not available 
but some hundreds of acres were grown in 1920. The chief limiting 
factor in the acreage is the quantity of seed available. As Maryland 
tobacco is harvested by cutting and spearing the stalk, there is little 
additional cost in harvesting the giant type. The Mammoth variety 
will yield 2,000 pounds or more per acre and the quality of cured leaf is 
superior to the ordinary varieties. C^omparativc yields show that the 
Mammoth variety yields 20 to 25 per cent more than other varieties 
when grown on productive soil. As the Mammoth variety has shorter 
internodes than ordinary varieties the leaves shade one another. This 
prevents coarse texture and dark colors even on highly productive soil. 
The ordinary varieties, when grown on rich soils, yield dark-colored and 
coarse-textured leaves. The value per acre of the Mammoth tobacco is 
30 to 40 per cent higher than ordinary varieties (see Fig. ^2). 

Garner and Allard (1920) have stu(lio<l the effect of relative length 
of day on growtli and development of plant.s, particularly with respect 
to sexual reproduction. By placing a ventilated, dark chamber in the 
field the relative number of hours of exposure to sunlight was controlled 
as desired. They found that: 

Normally the plant can attain the flowering and fruiting stages only when the 
length of day falls within certain limits, ami, consociuontly, these ^stages of 
development ordinarily are reached only during certain seasoiis of the year. In 
this particular, some species and varieties nispond to relati^^ely long daj^s, while 
others respond to short days, and still others arc oa])able of responding to 
all lengths of the day which prevail in the latitude of Washington where the tests 
were made. 

In the absence of a favorable length of day for bringing into expression 
reproductive processes in certain species, vegetative development may 
continue and thus lead to the production of such varieties as Stewart 
Cuban and Maryland Mammoth which under ordinary conditions never 
reach the flowering stage. 

Thus, certain varieties or species may act as early or late matiu*5ng, depending 
simply on the length of day to which they happen to bo exposed. 

The Stewart Cuban and Maryland Mammoth varieties of tobacco, 
as well as several other species were used in a determination of thtf effect 
of reduced length of day in forcing flowering. In discussing the effects 
of controlling light as a naeans of forcing flowering in Maryland Mammoth, 
Garner^ says: 

' Information kindly furnished by Dn. W. W. Garnhir, Physiologist, in Charge of 
Tobacco and Plant Nutrition Investigations, B\ireau of Plant Industry, United 
States Department of Agriculture- 

® From a letter Written Sept. 14, 1920. 
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Pig. 42. — ^Field of Maryland Mammoth in Prince George’s County, Maryland, 1920 The man in the foregiound is more than 6 feet 
tali. Two men of average stature standing in the tobacco are scarcely visible. The stake is 7 feet tall {Courtesy of Gat net ) 
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Fig, 44. — Front row in twolvo-quart buckets exposed to light from 9 a.m. to 4 p.m* or 
7 hours daily. Rear row in twelve-quart buckets exposed to light from 6 a,m, to 6 p»m. 
or 12 hours daily; Note that latter are larger plants but dowered considerably later than 
the former. (Pourtesy of Gamer, ) 
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Under a given length of day favorable to flowering, this type can be made to 
produce any quantity of seed ranging from a single pod up to a large inflorescence 
by appropriate regulation of the quantity of soil in which the plant grows. 

Plants grown in 12-quart buckets produced large amounts of seed 
when the length of day was shortened by placing the plants in the dark 
chamber for a part of the normal day. A control series left out of doors 
during the experiment began to show flower heads about the middle of 
August (see Fig. 43). Plants exposed to 7 hours of light daily produced 
large quantities of seed while those exposed to 12 hours of light daily grew 
larger but were later in blossoming (see Fig 44). 

In southern Florida during the ordinary winter months, the Maryland 
Mammoth behaves as ordinary tobacco, showing no evidence of its tall, 
late habit. Thus quantities of seed could easily bo produced under these 
conditions. 

Allard (1919) crossed normal varieties with the Mammoth type. 
The Fi averaged somewhat higher in leaf number than the normal 
varieties but invariably blossomed under field conditions in practically 
the same period as ordinary varieties of N. tabacAim. A total of 1 ,820 F % 
plants was grown and 439 were of the giant habit. 
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COTTON AND SORGHUM 
COTTON 

Little is definitely known of the antiquity of cotton. Evidence has 
been obtained which indicates that it was cultivated in India in 1500 B.C. 
and in Egypt 1,300 years later. Species of cotton are indigenous both 
to tropical America and to India. Because of the extent of natural 
crossing (5 to 13 per cent according to Balls, 1912; 12 to 28 per cent 
according to Kearney, 19235), the difficulties of studying inheritance 
and of carrying on practical breeding operations are greater than with 
many other crops. This crop belongs to the often cross-pollinated group 
although artificial self-pollination may be easily carried on without 
apparent reduction in vigor (Kearney, 19235). It seems reasonable to 
conclude that deterioration in a selected variety is largely the result of 
natural crossing. Methods of pedigreed-seed production should, there- 
fore, be developed to their highest possible efficiency. 

Classification. — Cotton belongs to the genus Gomjpiu7n which is made 
up of a number of species. Although several classifications of this crop 
have been published, considerable disagreement still exists. The varie- 
ties of cotton grown in India are derived principally from G. herbaceunij 
those grown in Egypt from 0, harhademoj and those grown in America 
from 0, hirsutum and G. barbadense. Among the classifications of 
cotton that have been made those of Parlatore (I86(i), Todaro (1877), 
and Watt (1907) may be mentioned. In addition to these, Gammie 
(1906) has published a classification of the Indian cottons and Duggar 
(1907) a classification of the varieties of American Upland cotton. 
The commercial value of cotton and the separation into the above species 
groups are largely determined by three characteristics of the fiber, namely, 
length, tensile strength, and fineness. Some other morphological 
characters that have been used in classification are: presence or absence 
of fvLzz on the seed, color of fiber and flower, form of boll, and general 
habit of growth. 

Species, Relationship, and Chromosome Number. — Webber (1905) 
was unable to cross Aiden cotton which he classified as G. herbaceum with 
varieties of either Sea Island, G. barbadense^ or Upland, G. hirmtum. 
On the other hand, successful crosses have been made between varieties 
belonging to the two species last named. The reason for this difference 
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in behavior may be owing to a difference in chromosome number and 
what It involves In this connection Denham (1924j has published some 
interesting results on the cytology of the cotton plant Thirty-two 
varieties belonging to American, Sea Island, Egyptian, Indian, and 
Chinese types were examined for chromosome number and were found to 
fall into one of two groups. The haploid number of chromosomes for the 
Indian and Ohmese types was found to be 13 and the haploid number foi 
the other types 26. In the group with 13 chromosomes, one was found to 
be distinctly larger than the remaming 12 and in the other group two 
chromosomes were found to be distinctly larger than the remaining 24 
Denham states that on the whole the plants of the 2()-chromosome group 
are larger, stems taller, leaves, flowers, and bolls larger and lint longer 
than in the plants of the 13-chromosome group. It is suggested that this 
may be an instance of gigantism owing to the doubling of the chromosome 
number. As far as is known no successful crosses have been made 
between the American or lilgyptian types of cotton and the true Indian 

typ®* . , 

Inheritance Studies. ‘‘—The transmission of characters in cotton have 
been studied by several plant l)roedors. In general, the behavior of the 
characters of this crop is in conformity with Mcndelian principles. 

Leaf-hMe Color, -Loiiko (1911) made several cross(‘S involving rod- and green- 
leafed types in which h(‘ found red dominant and obtained inonohybrid segregation m 
Fa Oonsideraljle variation wjus manih'si in tlio intensity of the red coloring. As a 
result of crosses between varieties of IJjdand c.otton with red and green leaves, McLcn 
don (1912) concluded that the Ft was intc'rnicdiato and that the Fa generation indi- 
cated a 1:2:1 segregation In a cross lK^twe(‘n a broad-lobed, rod-leafed form and a 
narrow-lobed, green-leafed form the Fi was int(‘rme(liat(^ with respect to both chara(‘- 
ters and the segregation m tlie Fa generation was characteristic of a dihybrid whim the 
two characters arc inherited independently and when it is possible to distinguish the 

intermediat(‘B. „ 

Leaf-callwi Color. •—’Bidia (1910) studied the inheritance of coloring on the ](‘af callus 
in an Upland-Egyptian eioss. In Fi an intenncdiato (*,ondition was obtained and 
])y classifying the F 2 g(‘neration as “spotted/^ “mtennodiate,’^ and “no spot^' a 
close approximation to a 1:2*1 ratio was obtainc'd Tlie “spotted ^ and no spot 
bred true in F 3 and the “interniediat< 5 '' s(^grcgaic(l again. 

Petal CoZor.— In a (tosh between a red- and a yollow-flow(Tod Indian cotton, 
Flet<ihor (1007) ol^tained evidence that these characiters w(‘ro dependent on a single 
factor difloronco for their expression and that red was dominant to yellow. ^ In another 
cross ho found that yellow was dominant to white. Fyson (1908) obtained similar 
results in a yellow-white cross with Indian cotton. Evidcni^c of monohybrid segrega- 
tion was obtained in the Fg generation. Balls (19 LO) on the other hand, in an Fi 
hybnd between Upland and Egyiitian, found that petal color was intermediate and in 
Fi ho obtained yellow, intermediate, and wluie dowers in the ratio of 1 : 2 : 1 . In a later 
publication (1912) it is suggested that there are at least three pairs of allelomorphs 
involved in the inheritance of petal color in the Upland-Egyptian crosses. In the 
work of Balls as well as that of Kearney (1923a) with the yellow-white cross there was 

^ A summary of Kkaunjcv (1923a) has been freely used in this discussion. 
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an excess of the light-colored petal types obtained in F^. Kearney crossed Holdon 
(Upland) with Pima (Egyptian). Leake (1911) obtained an F, generation from a 
cross of two Indian cottons one of which was yellow-flowered the other white-flowered, 
in which segregation was nearer 2: 1 than 3: 1. It is suggested that the ratio obtained 
is owing to the fact that Indian white-flowered strains are hardier than the yeUow- 
flowered strains. The same investigator found a correlation between size and color 
of petal white petals being smaller than yellow petals. Kearney obtained similar 
results in the Holdon-Pima cross, however, individual Ps plants were found in which 
the reverse relation existed. These F^ plants bred true in F, which indicates that the 

correlation was a result of genetic linkage. , . ,i 

Leake obtained some evidence that red color in the vegetative organs and in the 
petals mav be dependent on the same factor for its development. In the P., generation 
of a cross of red-loafed, red-flowered with green-leafed, yellow-flowered Indian cotton, 
he obtained for both characters a ratio of 3 red: 1 non-red. In another case he eros.sed 
a red-leafed, red-flowered typo with a green-leafed, white-flowered type. 

In Fi the following wore obtained: 


Petals, rod; leaf all red 

Petals, red and yellow; leaf veins red 

Petals, red and white; leaf all red 

Petals, red and white; leaf veias red. 

Petals, yellow; leaf green 

Petals, white; leaf green 


Numbeb 

89 

30 

78 

90 
. 25 


The results were explained by assuming that the red-colored parent carried both a 
factor for red color in the leaf and petal dominant to its absence and a factor for yellow 
color in the petal dominant to its absence. The other parent (tarried the r(jcessiv(>t 
factors for both of these colors. McLendon (1912) and Harland (1920) iiave also 
investigated the inheritance of flower color in cotton. The latter obtained a devia- 
tion from the expected Fa classes which was explained on the basis of accidental 
cross-pollination. 

Petal McLendon crossed Sea Island cotton which had spotted petals with 

varieties of Upland which were spotless. The Fi was intermediate and the Ffi indi- 
cated that a single-factor difference was operative. In a cross bcjtwcen Holdon and 
Pima, Kearney (1923a) obtained similar results ox(;ept that the pros(m<je ()f the spot 
behaved as a dominant over its absence. Palls (1910) obtained some evidcinco from 
an Uplaud-Egyptian cross that there may be two allelornoniluc*. pairs coiujerned in th<^ 
inheritance of petal spot. Leake and Prasad (1014) found that the presence of this 
character was completely dominant to its absoncio in the Fi of a cross ]>otween Chinese 
cotton. 

Anther Color. --Tho inheritance of ante color has be(?n investigated by Kearney, 
Balls, and McLendon. The results obtained indicate that this character is trans- 
mitted as a simple monohybrid with yellow dijrninant to the pale color. McLendon s 
results with Sea Island-Upland crosses seemed to indicate that petal and anther <jolors 
were controlled by the same factor, on the other hand, in the Holdon-Pima cross made 
by Kearney the inheritance of color in these two organs was independent. • 

Fiber Color . — Fiber color differentiated the Holdon (white) and Pima (pale buff) 
parents in the cross made by Koamey* The Ft generation was intermediate and in 
F^ a unimodal curve was obtained. In a cross between Mit Afffi Egyptian (^rown 
fiber) and a whit<^-filbered Upland cotton, Balls (1910) obtained an intermediate Fx 
and a segregation in which indicated that a single factor difference was operative 
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in the inheritance of this character In a later publication (Balls, 1912) there was 
some evidence offered that fabor color was somewhat moie complex m its mhentance 

Petiole Havtwss — In an Upland-Egyptian cross, Balls (1910) found that pubes- 
cence on the petiole was mhcnted as a simple monohybnd with the glabrous condition 
dominant. In a .subsequent publication (1912) the same investigator presented evi- 
dence that the inheritance of tins character was somewhat more complicated. Kearney 
(1923a) in a Holdon-Pima cross found a partial dominance lu F i of the glabrous condi- 
tion. In Fi a skew distribution and transgressive segregation were obtained. In an 
Upland-Sea Island cross McLendon (1912) obtained incomplete dominance in Fi 
of the hairiness of the Upland parent and in Fa a distribution that ranged from one 
parent to the other. 

Boll Lock Nvrnhei .—The inheritance of number of locks to the boll seems to be 
controlled by multiple fa(‘tors. In a Tloldon-Pirna cross Kearney obtained an inter- 
mediate condition in Fi and a fairly synimctru*<al unimodal distribution in Palls 
obtained similar results in crosses between Upland and Egyptian varu'ties. 

Boll Shape —Mohendon investigated certain Boa Island-Upland hybrids and 
concluded that the short thick type of boll is a recessive chaiaetcir and that it is trans- 
mitted as a monohybnd On the other hand Kearney with a ILoldon-Pima cross and 
Balls With Upland-Egyptian e,rosses found that the inheritance of boll index (diam(‘tor 
relative to length) was dependent on s(*veral factors. 

Boll Surface,— Both McLcmdon and Balls obtained evidmicjc that th(i inheritance 
of the character of the surface of the boll (smooth or pitt(‘d) was dc'pendent on imiltiplo 
factors. In a Holdon-Pima cross Kearney found that th(‘ priiseneo of the inidlock 
furrow in the Iloldon parent was inherited as a dihybrid. Mullock furrow was absent 
in the Puna parent. In Fz, 04 plants showed no trace of the furrow wluTcas the 87 
remaining plants show(‘d this charact-er in varying d(‘gr(ics. 

Fiber Length.— Bulh obtained evidence from Upland-Egyptian hybrids that long 
fibers were dominant to short and that this chara(*,t(^r was dependent on a single- 
factor difference for its (‘xprossion. The investigations of Mcliimdon and Kearney 
indicated that fiber length was dependent on s(‘V(‘ral factors. Thailani (1925), in 
crosses between long- and short-staple forms, obtaincul (widcuico that long staple was 
dominant over short. The sanic investigator obtained rosult»s that indicated a high 
perijontago of lint wiia dominant to a low percentage. Tlu^ F a and Fz gemerations 
showed that a smglc-fa({t.or difference was involved in the inhoritan<;o of this 
character. 

Seed Fuz^nesa . — The inh(‘ritanco of the fusiziness of the seed in cotton appears to 
be controlled by several factors. This character has hom invostigattul by Kearney 
(19236), Fletcher (1907), Fyson (1908), Balls (BK)9, 1910, 1912), and McUmdori (1912). 
In a Holdon-Pima cross entire fuzziness of the upland panmt was dominant to 
partial fuzziness of the Egyptian parent. In another cross between smooth-seeded 
tree cotton, G. pernvzamm, and a fuzzy-sceded Amc^ricau Upland variety the 
Hinooth-seodod condition was dominant. In a cross between a fuzzy-sccuhid Upland 
(cotton and a variety of ItJgyptian with very little fuzz on the s(*ed, Balls obtained a 
dihybrid ratio, 15: 1, in Fz. In crosses between vanotios of Egyptian cotton diflermg 
in the amount of fuzz on the seed, monohybrid segregation was obtained in 
more fuzz being dominant over less fuzz. Thadani (1926) found that naked seed 
in the Upland variety, No Lint, was compleMy dominant over fuzzy seed in other 
Upland varieties. The segregating ratios obtained xndi(‘.ated that a single-factor 
difference was operative in the inheritance of these characters. 

Leaf Shape.— Kefimoy (1923a) investigated the mhontanco of loaf index (width as a 
percentage of the length) and leaMobo index (distance to the upper sinus as a percent- 
age of the length) in a Holdon-Pima cross. In Fi the mean leaf index was higher than 
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in either parent whereas the mean leaf-lobe index was like that of Pima the more deeply 
lobed parent. The distributions for each of these characters obtained in F 2 indicated 
that multiple-factor inheritance wan involved. Balls (1912) obtained similar results 
with regard to leaf-lobe ind:ix in an Upland-Egyptian cross. Leake (1908) studied 
the inheritance of a “leaf factor” which he obtained by integrating the breadth of the 
lobes and the depth of the lobation in crosses of G. imlicum (deep, narrow lobes) with 
G. arhoreum or G. neglectum Onroad, shallow lobes). In Fi an intermediate condition 
was obtained and in 7^2 a 1:2:1 segregation occurred. Fyson (1908) also obtained 
monohybrid segregation with respect to this character but he found deep, narrow- 
lobed leaves dominant. Shoemaker (1909) crossed two Upland cottons, one an ‘^okra 
leaf” (deep, narrow lobes) typo and the other a shallow, broad-lobcd type. In F\ 
intermediates were obtained and in F^ a 1:2:1 segregation occurred. , McLendon 
(1912) obtained similar results with a Bea Island-Upland cross. 



Fig. 45. — View of flower of cotton, from above, showing position of petals, stigmas and 
stamens (natural size). iAftfir Cook,) 



Size Characters . — Kearney (1923a) studied the iuhentan^^o of 18 size characters, 
some of which have been mentioned above. Most of tluiso size characters showed 
heterosis in Fi and the distributions obtained in F^ indicated multiple-factor inherit- 
ance. Balls found that a dominant long petal when crossed with a rcccasive short 
petal gave in F 2 a 3 ; 1 segregation. The same investigator in a cross between Egyptian 
(Abassi) and Texas Upland obtained transgresHivo segregation. Similar r(isults wore 
secured in studying the inheritance of date of flowering and weight of seed. The 
results of the study of weight of seed are of general intenist. In a <toss of Afifi and 
Truitt, where the mean seed weights of the parents wore 0.105 and 0.135 grams, 
respectively, the weight of the Ft was 0.165 grains. Weights in Fa varied from 0.08 
to 0.175 grams. The light-seeded forms bred comparatively true in Fi although 
differing somewhat in means. The larger-seeded types bred true in Fi or segregated, 
giving both largo- and small-seeded forms. An illustration of this sort of behavior 
for the parents, Ft and F^ generations, is given diagrammatically in Fig. 47. As has 
been pointed out, length of lint is also inherited and, in some cases, segregation 
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npproaelics a simple 3 1 ratio with long lint as tlio dmtiinant character. Later genera- 
tions in some crosses gave pure parental types as well as other lint lengths which 
appeared homozygous. Correlation between length of lint and size of seed may 
explain som(‘ complications 



Fio. 46. — Upper left, flower of Upland cotton, from below, with bracts removed show- 
ing the arrangement of calyx lobes, petals and nectaries; at right, petals; lower left flower 
of cotton with one bract removed showing spirally arranged stamens and stigma. 

Cook,) 


ChlorofhyU Deftakndes . — Stroman and Mahoney (1925) observed two kinds of 
chlorophyll deficiencies in seedlings of cotton. One of these is described as yellow 
which contains only a' small amount of chlorophyll and the other is described as 
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ranging from a seedling with small areas devoid of chlorophyll to one which has a 
small amount of chlorophyll throughout the leaf. The inheritance of the former seems 
to be dependent on two factors whereas the inheritance of the latter which is called 
“pattern ” seems to be controlled by one, two, and possibly three factors. The ratios 
3:1 9:7 and 37:27 were found in the same and different famOies. Some evidence 
was obtained that two of the factors were linked. 



Pia. 47 . Seed weights of parent voiietios, King and Charura, and Fi and F# generation 

crosses. {After Balia.) 


Linkage . — ^In addition to the linkage relations in cotton which have been pointed 
out above, Thadani (1923), in cros.sos between varieties of Upland, has found linkage 
between seed fuzziness and amount of lint on the seed and between vegetative color 
and fruiting habit. .In the crosses reported, naked seed and a low amount of lint were 
absolutely coupled. 

Correlation of Characters. — The correlation of characters is of some 
interest to the plant breeder. In some cases correlation may be owing to 
genetic linkage and in other cases the correlation may be purely somatic. 
Stroman (1925) made a statistical study of 16 varieties of cotton. Positive 
correlations were found for' all varieties between yield of lint and of seed, 
yield of lint and number of five-lock bolls, yield of seed and number of 
five-lock bolls, yield of lint and number of four-look bolls. On the other 
hand, no consistent correlation was found in the different varieties between 
yield of lint and per cent of lint, yield and length of lint, yield of seed and 
per cent of lint, yield of seed and length of lint, per cent of lint andlength 
of lint, and per cent or length of lint and five- or four-lock bolls. 

Dunlavy (1923) has reported significant correlations between eight 
pairs of characters in Texas cotton. Among the characters studied was 
lint index which is defined as “the weight in graifis of the fibers produced 
by 100 seeds.” The correlations obtained were as follows: 
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Lint index and weight of seed 

. . +0 70 ± 0 02 

Boll size and weight of seed 

+0 66 ± 0 03 

For cent ot five-lock bolls and size of boll 

+0 53 ± 0 06 

Weight of seed and per cent of lint 

-0 53 ± 0 04 

Boll size and lint index 

+0 48 ± 0 05 

Per cent of hut and length of staple 

-0 44 ± 0 04 

Weight of seed and l(*ngth of ,stapl(‘ 

+0 43 ± 0 04 

Boll size and per cent ol lint 

-0 39 ±0.05 


Kearney (1924) found that the degree of the expression of petal spot in 
Pima cotton was positively correlated with size of flower. It is suggested 
that this character may be of importance in rogumg pure seed stock. 
Harris, et al. (1924) have pointed out that the tissue fluids of Kgyptian 
varieties of cotton cany a higher chloride content than do those of the 
Upland varieties. This may partly explain why the Egyptian sorts give 
better results on saline types of land. 

Kearney (1924^) has pointed out that the bolls on the lower parts of 
the plant produce the shorter fibers; hence, the later “pickings” yield the 
longer fibers. Length of fiber has been found (Prasad, 1922j to be corre- 
lated with length of stigma. It is suggested that this relationship may 
be owing to genetic linkage 

Selective Fetilization. — Kearney (1923a) applied both Pima and Up- 
land pollen separately to di fferent flowers of Pima and found that the 
pollen tubes developed with equal rapidity. On the other hand, when a 
mixture of pollen was applied to an JCgyptian flower, seleciive fertilization 
occurred in favor of the related pollen. This differential in favor of the 
related pollen was obtained irrespective of whether the pollen mixture 
consisted of a mixture of pollen from different varieties of Egyptian or of 
a mixture of pollen from Plgyptian and Upland. Kearney states that the 
selective fertilization may be owing to an inhibitive influence of pollen 
of the same vanety upon foreign pollen. In a later paper (1924a), the 
same author reported the results of further study on this question. It 
was found that on the average about 75 per cent of the ovules were 
fertilized by pollen of the same type and variety when pollen of the other 
type was used simultaneously and in eciual quantity. Tliis held true 
for both the Egyptian and the Upland types.' 

Mutations in Cotton. — The cotton plant, like Oenothera, has often 
been spoken of as having germinal instability and likely to produce 
mutations. While mutations undoubtedly do occur, it is likewise highly 
probable that many of the so-called mutations are simple segregates of 
a former natural cross. The ease with which natural crossing occurs 
and the large number of chromosomes contained in the cotton gamete 
facilitate the appearance of foims differing from the general type, Egyp- 
tian cotton is describted by Kearney (1914) as being a mutating type. 
From it the varieties Yuma, Pima, and Gila are supposed to have arisen, 
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In this connection it is of interest to point out that the common belief 
as to the ori gin of Egyptian cotton is that it arose by hybridization 
between a brown“hnted tree cotton and American Sea Island* The 
subsequent development is unknown. 

In view of the foregoing, and the fact that no convincing evidence has 
been presented to the contrary, the present writers believe that many of 
these supposed mutations are in reality factorial recombinations resulting 
from natural crossing. 

Cotton Breeding. — Cotton improvement by breeding may be 
sought along lines similar to those followed with naturally selfed crops. 
In producing pure-line material for scientific study and subsequent 
hybridization, it is essential to obtain absolute self-pollination. It has 
been pointed out above that continued self-fertilization in cotton is not 
attended by a marked reduction in vigor. Evidence in support of this 
statement has been offered by Kearney (19236), Harland (1923), and 
others. 

One of the outstanding problems of the cotton industry at the present 
time is to standardize production. The supply of pure .seed available 
for planting is wholly inadequate. The mi.\ing of seed at the gin and 
the natural crossing that takes place in the field are two very important 
causes of the deterioration of superior varieties. These diffieulties may 
be overcome first by obtaining or breeding a superior pure strain and then 
concentrating community effort on growing this one strain. Uniformity 
of staple is very important to the manufacturer. 

From a commercial standpoint, a productive cotton with long lint 
and smooth seed is desirable. Webber (1905) crossed JClondike, a 
productive Upland variety, and Sea Island, which has long lint and 
smooth seed. Out of an Fi generation consisting of several thousand 
plants, only 12 combined the large blunt bolls of the Upland with the long 
lint and black seed of Sea Island. The progeny of each of these 12 plants 
was grown in isolated plots and subjected to vigorous selection. In the 
fifth generation a number of plants gave progeny “nearly fixed in type.” 

Eesistance to wilt disease is a character of considerable commercial 
importance. This disease is caused by Fumrium rcmnfec-tum Atk. which, 
according to Orton, attacks only the cotton and its near relatives. By the 
plant-to-row method and under wilt-infection conditions, it was found 
possible to build up varieties which are resistant to wilt. A number of 
resistant, high-yielding varieties have been introduced in the cotton- 
growing regions of the United States. The character of wilt resistance 
was transmitted in crosses but nearly every cross gave a different result. 
In general, resistance proved dominant but there was often considerable 
variability, possibly due to the gametic composition of the parents or to 
the nature of the reaction between the disease organism and the host plant 
or to the lack of uniform environmental conditions. Wilt resistance does 
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occur and varieties may bo obtained which are resistant and are also of 
good quality with respect to yield and staple. 

Cotton anthracnose, Glomerella gomjpii^ and bacterial blight, Bacte- 
rium malraceanmj are other diseases of cotton which may be controlled 
by the production and use of disease-resistant varieties. 

SORGHUM 1 

Origin. — The numerous diversified forms of sorglium indicate that 
it has been cultivated a long time. Evidence has been found that it was 
grown in Egypt as early as 2200 B.C. Hackel places all the cultivated 
sorghums and the various forms of Johnson grass m one botanical species. 
It has been pointed out by Piper (1916) that two species exist: the peren- 
nials, Johnson grass and its varieties (Andropogon halepeiisis) ^ and the 
annual sorghums {Andropogon sorghum). The former possesses root- 
stocks, and it is dij0B.cult to cross it with either the cultivated or wild 
forms of sorghum. 

The wild annual sorghums, which are found almost exclusively in 
Africa, cross readily with the cultivated forms. Piper suggests that one 
or more of these several wild annual forms may be the ancestor of the 
cultivated forms. Africa is thought to be the native home of the culti- 
vated sorghums. 

In sorghum, as in cotton, there is considerable natural crossing. 
Complete self-fertilization is readily induced by artificial moans and, 
apparently, it does not bring about a reduction in vigor. 

Agricultural Groups and Importance. — On the basis of the foui 
economic characters — production of grain, sugar, forage, and broom 
straw — four agricultural types of sorghums have been developed. These 
are: (1) grain sorghums, (2) sweet sorghums, (3) broom com, and (4) 
grass sorghum (Sudan grass, Tunis grass, etc.). All four groups arc used 
for forage to some extent. Seeds of the first three groups are used for 
grain, the sweet sorghums for syrup manufacturing and the broom-com 
panicle for making brooms. In India, Africa, and Manchuria grain 
sorghums are an important source of food for the human inhabitants and 
in Manchuria stalks of the grain sorghum known as kaoliang are used for 
fuel and for making baskets, furniture, and mats. 

The sorghums are exceedingly important crops in the southern half 
of the Great Plains area in the Umted States. In this section the 
sorghums furnish a large portion of the feed for livestock. They are 
adapted to hot and dry conditions where com is not usually successful 
The drought resistance of sorghum probably is a result of several factors 
such as the low-transpiration ratio as shown by Briggs and Shantz 

1 An unpublished paper by J. H. Mabtin, Agronomist of the Office of Cereal Crops 
and Diseases, Umted States Department of Agriculture, was used freely in this section. 
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(1914) and Miller (1923), the large number of feeding roots per plant 
in proportion to the leaf surface (Miller, 1916), and the faculty of remain- 
ing dormant during periods of drought. 

Classification. — The main groups of sorghum and some of the princi- 
pal varieties are given in the following diagram taken from Vinall et al. 
(1924) : 


Sorghum — 


SoKGuirM Groups ani> Varieties 



Black Amber 

Rod Airiber 

Orange 

Sumac 

Honey 

Golman 

Folger 

Gooseneck, etc. 


Grain sorghum 


Grass sorghum 


Broom corn. . . 


Sudan grass 
'’Funis grass 
etc.. 

Standard 

Dwarf 


Kafir.. 


f Yellow. . 


Blac.khull 
White 
Red 
Pink 

Dawn (Dwarf Blac.khull) 
Sunrise (Early Blackhull) 
j Standard 
1 Dwarf 
J Stiindard 
[ Dwarf 
Standard 

Fetcrita *! Dwarf 

Sptu* 

White 
Brown 
j Manchu 
[ Barchet, etc. 


Milo. . 


^ White. . 


Durra. 


Kaoliang. 

Shallu 


There are numerous varieties of sorgo differing in height, time of 
maturity, compactness of panicle, and color of glumes and seed. The 
varieties of Black Amber, Bed Amber, Orange, and Sumac represent the 
chief types. The grain sorghums belong chiefly to the groups: kafir, 
milo, durra, feterita, and kaoliang. Those grotips, except feterita, which 
is somewhat similar to tho durras, as well as sorgo, the broom corns, and 
the grass sorghums can be distinguished by the following key which is an 
abridgment of one presented by Piper (1924) : 


KkY to VaHIETIEH op BoRfUIUM 

Stems slender (6 millimotors or loss); loaves narrow (12 t-o 30 milli- 
meters) ; sorghums 

Stems stout (18 to 33 millimeters); leaves broad (40 to 75 millimotors) 

I. Pith juicy 

A. Juice abundant and very swc<^t borgo 

B. Juice scanty, slightly sweet to subacid, lemmas awnloss Kafir 

II. Pith dry 

A. Panicle lax 

1. Panicle, 4 to 7 decimeters long; branclu'^^ greatly elon- 


gated Broom corn 

2. Panicle, 2.5 to 4 decimeters long 

a. Panicle conical; branches strongly drooping Shallu 

h Pamcle oval or obovatej branches spreading ..Kaoliang 
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B. Panicle coinpaot, I to 2.5 decimeters long 

1. Spikelets ellip tic-oval or obovate, 2.5 to 3.5 milli- 

meters wide, lemmas awned Kaoliang 

2. Spikelets broadly obovate, 4 5 to 6 millimeters wide 
a. Glumes gray or greenish; lemmas awned or awn- 

less; grams strongly flattened Durra 

h. Glumes brown or black, lemmas awned; grams 

slightly flattened . . . .Milo 

Inheritance Studies. — Sorghum has not received as much attention 
by plant geneticists as its economic importance deserves. As compared 
with corn, the mheritance studies of sorghum have been meager but the 
work that has been reported indicates that the characters of this crop 
are inherited in a manner similar to the inheritance of characters in other 
farm crops. 

Color — Graham (1916) of India found that the inlioritanco of color of seed coats 
in certain crosses of sorghum to bo dependent upon smgh'-faetor differences. Red 
may bo allelomorphic to yellow or white and likewise yellow may b<‘ allelomorphic 
to white. Red is dominant to both yellow and white, and yellow is dominant to white 
Sometimes when yellow and white are ciossed the hetorozygote is red and in the next 
generation segrogafes with a 9 red. 3 yellow 4 white ratio. Graham suggests that 
certain of the white seeds are undeveloped reds n^quiring the presence of yellow 
to cause the dcvclopinont of the red (*olor Vinall and Cron (1921) crossed Blackhull 
Kafir and Fetcnta with bluish-white and x eddish-brown seeds, r(‘spectivoly, and 
obtained a 9.7 ratio m Pz, Conner and Karpor (1923) crossed Dwarf Yellow with 
Dwarf White milo and obtained in Fl seeds that were indistinguishable from the 
yellow-seeded parent and in a ratio of 3 yellow-seedc'd . 1 white-seeded form. The 
Fl plants of Blaekhull X lied Kafir had pale-red seeds and the F 2 plants gave a flogr(‘- 
gation of 1 red: 2 intermediate • 1 white. In Fti the red- and whifo-soeded forms bred 
true whereas the pale rod-s(‘odc(l plants again segregated. The cross Blackhull X 
Pink Kafir gave similar ro.sults with Pink mcomplet<ily dominant. Sielinger (1924) 
in crosses between Sunrise and Red Kafir and lietwcen White and Iltid Kafir oixtamed 
Fi generations that Bhow(‘d simple monohybrid segregation with red seed dominant 
to white. In certain other crosses the inheritance of color was s{)mcwhat more com- 
plex, The following factional constitutions with respect to seed color wore determined : 


Fetcrita and Blackhull kaoliang BB hstt 

Sunrise and white kafir hbSSrr 

Red kafir hbSSRR 


The factor B in the presence of S produces brown in the nucellar tissue; S produce.*} 
color in the epidermal layer and its allelomorph when homozygous prevents the 
formation of brown color in the epidermis; and R is the' factor for red color in the 
epidermis. 

In the F 2 of the cross feterita X red kafir the following phenotypes were obtained 
in the ratio of brown seed with a brown nucellar layer, 4r):whit<‘. seed with a brown 
nucellar layer, 3: rod and pink seed with no brown nucellar layer, 12 'white seed with 
no brown nucellar layer, 4. 

Vinall and Cron (1921) reported red glumes dominant over black with a single- 
factor difference. 

Ramathan (1924) has also made a study of color inheritance in sorghum. Red 
pigmentation over the neuters and red color of grains each segregated as monoliybrids 
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in the F 2 generation. An inhibitory factor which prevented the development of black 
color on the glumes was discovered. 

Character of Stalk , — Hilson (1916) found that a pithy stalk was dominant to a 
sweet stalk and that the inheritance of these characters was controlled by a single- 
factor difference. Similar results were obtained in ICansas (Swanson, 1923) in a cross 
between Eed Amber and feterita. It was found that the inheritance of a pithy stalk 
was correlated with a clear-white appearance of the midvein of the leaf and a juicy 
stalk was correlated with a dull or cloudy appearance of the midvein. In the above 
mentioned cross not all plants with juicy stalks were saccharine. Pithy stalks, 
compact heads, and white seed — ^the combination of characters in the feterita parent 
wore found to be linked in inheritance.^ 

Character of Panicle . — In a cross between Kansas Orange and Dwarf Yellow milo 
made at the Kansas Station it was found that the open-paniclcd type was dominant 
over the compact-pan iclcd type. A total of 306 Fg plants were classed as follows: 
compact, 31; intermediate, 77; open, 111; and sprangly, 87. The data indicate that 
the inheritance of this character is dependent on several factors. Similar results 
were obtained from a cross between lied Amber and feterita. The generation 
was classified as follows: very compact, 54; compact, 471; intermediate, 626; open, 
822; and sprangly, 653. 

Kansas Orange has an erect whereas Dwarf Yellow milo has a recurved peduncle. 
In the Fi generation of the above-mentioned cross, the peduncles were more or less 
recurved but in the F 2 generation there were 291 plants with erect and 15 plants with 
recurved peduncles. The fact that recurving is influenced greatly by vigor, i.e., the 
heavier th<^ panicle th(^ gre^ater the tendency for it to bciciome pendant and the furthi'.r 
fact that the Fi generation of the above cross showc^d hybrid vigor probably explain 
what appears to be conflicting evidence in regard to the dominance of the erect 
condition. 

Shape Vinall and Cron (1021) studied the inheritance of glume shape m 

a cross betwe<m Dwarf milo and feterita. Dwarf milo has broad, truncate glumes, 
whereas feterita has narrow, ovate glumes. The Fi generation showed that the broad, 
truncate glumes wore dominant. In F>ij 187 plants with truncate glumes and 64 plants 
with ovat(j glumes wore obtained. 

Glume Ilainathan (1924) found that the production and distribution of 

hairs on the glumes were depended on a number of factors. In general, heavy pubes- 
cence behaved as a dominant to the glabrous condition. 

same investigators also studied the inheritance of awn development. 
The glumes of Dwarf milo arc awned and those of feterita are not. In Fi the seeds 
were not awned and in Fz 183 plants with awnless S(«ids and 68 plants with aw-ned 
seeds were obtained. fSimilar observaiions were made at the Kansas Station in a 
crass betwe^en Kansas Orange and Dwarf Yellow milo. The F^ generation of this 
cross produced 247 awnh^ss and 62 awned plants. 

Size Characters , — In addition to th(‘. inheritance of the quantitative charact<}rB 
mentioned above, Graham (1916) has investigated the inhotitaru'C of length of glumes. 
Long and short glum<}S b(‘havcd as a simple Mendelian pair with the former dominant. 

In the F 2 generation of a cross between lied Ambt‘.r and feterita at the Kansas 
Station, 337 plants with small seed, 2,025 with intermediat(i seed, and 286 with largo 
seed wore obtained. This sort of segregation is rath(jr typical of the inheritance of a 
size character that is dependent upon several factors for its expression. 

CUorophyU Deficimeies.^Oonnat and Karper (1924) have reported chlorophyll 
deficiencies in sorghum similar to those found in maixo. The stsed of a certain Black- 
hull kafir plant produced green, viroscent white, and white seedlings. The seed of 

1 The data from the Kansas Station have not been published and were furnished to 
the writers by the courtesy of Prof. J. H. Parker. 
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another plant produced 834 green and 222 white seedlingH The factors involved in 
the inheritance ol these chloiophjdl defacicncics have not yet bi'en determined 

Resistance to Smut.— There are several smuts which attack the 
sorghums but only two of them are of economic importance in the United 
States. These are covered kernel smut, Sphaadoiheca sorghk, and head 
smut, Borosponum redianam. The former is by far the more prevalent 
and the more destructive. Reed and Mclehers (1925) have reported the 
varietal resistance of sorghums grown at several places to covered 
kernel smut. Fetcrita, four varieties of milo, one variety of kaoliang, 
and some recent introductions of White durra proved highly resistant to 
(S', sorghi whereas all the strains of shallu, the sorgos, the kafirs, Brown 
and White durra proved highly susceptible. Sudan grass, three varieties 
of broom corn, and most of the brown kaoliangs showed low or inter- 
mediate percentages of infection. The same authors obtained some 
evidence that the sorghums are less susceptible to Boronponum reiliamim 
than to Bphacelotheca sorghi. Feterita, milo, and broom corn showed no 
infection and the kafirs and kaoliangs only a slight infection to head smut 

Swanson (1923) studied the ro.sistance to kernel smut (Bphacelo- 
theca sorghi) in a cross between feterita and Rod Amlier at Hays, Kan 
Feterita was entirely free from smut while the Red Amber produced 
17.0 per cent of smut. Nearly 300 plants wore selected at random 
and were te.sted in Fs by tho progeny test. . There wore 214 rows which 
produced some smut and 72 which wore smut free which is a close 
approximation of a 3:1 ratio. The percentage of smut infection was 
highest in the F 3 progenies breeding true for pithy stalks which indicates 
a genetic linkage between the characters of the stalk and reaction to smut. 

Breeding Sorghum. — Sorghum belongs to the often cross-pollinated 
group of farm crops and tho essential features of breeding it are tho same 
as for the self-fertilized group. Sorghum, however, is more frequently 
cross-fertilized than most of the other naturally solfed crops and for this 
reason it is necessary to resort to bagging the panicles, where different 
lines are grown in close proximity to one another. I’hat bagging does 
not inhibit the setting of viable seed is shown by the work of (lonner. 
Ball, Ton ICyck, Townsend, and Leidigh, all of whom secured viable seed 
from panicles so protected. Leidigh (1911) credits (lonner with the 
statement that “a particular strain of Orange sorghum which ho grew 
two generations from seed, bagged each year, possessed extraordinary 
vitality and vigor and was remarkably pure and uniform.” Townsend 
(1909) obtained similar results. Clonner and Karpor (1924) after six 
or seven generations of self-fertilizing sorghums concluded that inbreeding 
did not cause a reduction or an increase in the size of the head or in pro- 
ductiveness except where it had isolated subvarieties differing from the 
parent family. Inbreeding fixes type and the type may be good or bad 
depending on the particular hereditary complex isolated. 
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One of the ideals sought in sorghum breeding is a form which combines 
the desirable characteristics of a grain and forage sorghum, i.e.j a form 
which has a juicy stalk and at the same time pi'oduces a high yield of 
seed. Some progress has been made along this line. Sunrise, a selection 
developed at the Amarillo Experiment Station in Texas, is to some 
extent a dual-purpose’’ sorghum, (-onsiderable work which has for its 
object the development of this type of sorghum is in progress at the 
Kansas stations. 

Other characteristics, such as resistance to smut, resistance to lodging, 
resistance to drouth, and early maturity, are important in connection 
with improving so]*ghum. The color of seed is also of economic impor- 
tance. On the market the yellow-seeded forms command the highest 
price and the brown-seeded forms the lowest. 

Deterioration of impi-oved varieties is brought about largely by 
natural crossing and chance mixing, l^y means of roguing, chance 
mixtures and crosses are eliminated and varieti<^s are kept in a pure 
condition. The isolated seed plot also is recommended as a correct 
farming practice. 

Some Results of Selection. — Sorghum improvement by breeding has 
been accomplished principally through selection. Dwarf forms have 
occurred in most varieties and have furnished material for the production 
of such varieties as Dwarf milo, Dwarf kafir, etc. These varieticvS have 
been isolated through selection. Sugar content has also been improved. 
Failyer and Willard conducted scslection experiments at the Kansas 
Station from 1884 to. 1908. During that time they increased the .sugar 
content of the Orange variety from 1.2.{>2 to 1(5.10 per cent. At the 
Delaware Agricultural J^xporiment Station oven more striking results 
were obtained (Neale, 1901). The variety Amber, from which selections 
were made, contained on the average 1 1 per cent of sugar with a purity 
of 65. One of the selections made from it had a sugar content of 18.2 
per cent with a purity of 81. Dillnian (191()); of the United States 
Department of Agriculture, made several selections from Minnesota 
Amber with the object of securing an early maturing, drought-resistant 
strain. One of the selections, Dakota Amber, has proved valuable. It 
is more dwarf in habit of growth than Minnesota Amber and matures 
15 days earlier. It produces excellent forage as well as abundant seed. 
Early dwarf forms, as a rule, are more drought resistant than late ones. 

In addition to the forms mentioned above numerous selections have 
been made among the sorghums grown in what is commonly known as 
the sorghum belt of the United States. There is evidence that some of 
the selections are of hybrid origin due to natural crossing. Among the 
selections that are grown commercially may be mentioned Sunrise, 
Schrock, Dwarf Hegari, Spur feterita, Freed, and Darso. 
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INHERITANCE IN MAIZE 

Maize was the most important bread crop of the American Indians 
and even today is the most important crop in the Western Hemisphere. 
The Indians brought the culture of maize to a high state of advancement 
and developed innumerable varieties. On the foundations made by the 
Indians modern corn breeding has made marked advances, but perhaps 
no North American varieties are so notable as those developed by the 
Incas in Peru. 

Origin and Species. — It is generally believed that Mexico is the origi- 
nal home of the maize plant, although there is no absolute proof of this 
(Harshberger, 1897) Zea niayif L , belongs to the tribe Maydeai of the 
order Gramineai. All varieties of Indian corn are placed in the species 
moys. The nearest relative of maize is teosinte, liiichloina meximm 
Schrad. Teosmte and maize cross readily and a natural hybrid between 
these cultivated grasses was described under the name Zea camna by 
Watson (Harshberger, 1904). A study of these crosses led Harshberger 
(1904, 1909) to make the hypothesis that maize originated from a hybrid 
between a sport of Euchlsena and normal teosinte. Montgomery (1900) 
reached the conclusion that maize and teosinte had a common progenitor. 
It was considered likely that the ancestral form of these cultivated gi-asses 
was a large much-branched grass “each branch being terminated by a 
tassel-like structure beaiing hermaphrodite flowers.” As evolution pro- 
gi-essed, the lateral branches of maize came to boar only pistillate flowers 
and the central branch staminate flowers. This theory is strengthened 
by the typos of inflorescence which frequently appear in maize varieties. 
Often the central spike of the tassel of lateral branches boat's seeds, while 
the side branches of the same tassel bear only staminate organs. All 
gradations appear between the normal ear of maize and the staminate 
tassel. It is not uncommon in solf-fertihzcd maize races to obtain plants 
in which the tassel of the main branch bears both male and female 
organs. These various abnormalities tend to support the hypothesis 
outlined by Montgomery. 

Collins (1912) has supported the hypothesis that maize originated as a 
hybrid between teosinte and an unknown grass belonging to the tribe 
Andropogoneaj. This grass is believed to be somewhat like some varieties 
of pod com (Zea mays tunicata) which produce seeds only in the tassel 
and are in many essential characters strongly contrasted with teosinte. 

260 
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These conclusions have been reached after extensive studies of many 
primitive varieties of maize, teosinte, and hybrids between teosinte and 
maize. Collins especially emphasizes the fact that “in practically every 
case where there is pronounced divergence between teosinte and pod corn, 
maize shows characters of an intermediate nature and these characters 
are usually variable.” 

Weatherwax (1918) proposes that Zea, Euchlaena, and Tri'psdcum^ 
the three closely related American genera of the tribe Maydeae^ have 
descended independently from a common ancestral form now extinct. 
He disagrees with the prevailing theory of the hybrid origin of maize and 
states that the theory is not in harmony with the facts of morphology. 
Collins and Kempt on (19205) have crossed the smallest form of maize, 
Tom Thumb pop, with teosinte and found perfect freedom of recombina- 
tion in F 2 , and with one or two exceptions no evidence of simple Mendelian 
ratios. In a study of crosses between maize and teosinte (Kempton, 
1924) in which the recessive plant characters, brachytic, crinkled, and 
ramose, were used, the hybrids segregated in F 2 for all three characters. 
Crinkled and ramose appeared in approximately 25 per cent of the 
progeny, as in maize crosses where these characters are concerned, but 
brachytic appeared in only 12 per cent of the progeny. 

Kuwada (1919, abstract by Ikeno, 1920) studied the chromosomes 
of maize. The chromosomes were found to be of two types, long and 
short. Euchlaena has 10-haploid chromosomes which are long, and 
Andropogon has the same haploid number of short chromosomes. These 
data support the theory of the hybi'id origin of maize as outlined by 
Collins. Hance (1921) carefully reviewed the studies made by Kuwada 
and expresses doubt whether or not it was possible, by the methods 
which Kuwada used, to prove that the sizes of maize chromosomes were of 
the two definite types characteristic of Andropogon and Euchlaena, respec- 
tively. Longley (1924) studied the chromosomes of maize and maize 
relatives. Euchlaena perermis, E. mexicanaf Zea, and Tripsacum were 
found to have 20, 10, 10, and 35 bivalent chromosomes, respectively, at 
diakinesis. CJortain strains of sugar corn, notably Black Mexican, were 
found by Kuwada (1919) and Fisk (1925) to differ widely in chromosome 
numbers while ICicsselbach and Peterson (1925) found 10-haploid chromo- 
somes in large numbers of counts, which they ixxade in dent corn. In a 
paper presented by llandolph at the International Plant Science Congress 
at Ithaca, in 1926, it was emphasized that there was considerable variation 
in chromosome numbers in certain inbred linos of maize. 

Sturtevant (1899) divided the species Zea mays into several groups 
and considered each of specific rank. It is perhaps somewhat question- 
able whether any of the groups deserve to be considered as subspecies, the 
plan followed by East (see East and Hayes, 191 1), although the method is a 
convenient one. A description of the more important groups is given here. 
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The Pod Cwns.— Each kernel of this corn is enclosed in a pod or husks; 
the ear is enclosed in husks as in other jpoups. ^ he oidinaiy type of pod 
com is heterozygous while the homozygous type is highly self-sterile 
and does not produce seed in the lateral inflorescences but in perfect 
flowers in the tassel. 

The Flint Corns .' — The group comprises those varieties with a starchy 
endosperm in which the soft starch is surrounded by corneous starch. 
The proportions of soft and corneous starch vary considerably in different 
varieties. 

The Pop Corns .^ — In this group there is only a small proportion of soft 
starch in the endosperm and a correspondingly large proportion of corne- 
ous stai'ch. Some seeds may be entirely free from soft starchj but there is 
generally some soft starch surrounding the germ. The group is charac- 
terized by the sma ll siz e of its seeds and ears. 

The Dent Corns .^ — The corneous starch in this group is located at the 
sides of the seed and the soft starch extends to the summit. The soft 
starch dries more rapidly than the corneous and this produces the shrink- 
age which causes the characteristic indentation of the seed. 

The Flour Corns .* — This group is recognized by an almost entire 
absence of corneous starch. There is no indentation m some varieties and 
only a slight one in others. The soft-starch content characterizes this 
group. 

The Swed Cora«.® — “A well-defined species group characterized by 
the translucent, homy appearance of the kernels and tlieir more or less 
crinkled, wrinkled, or shriveled condition.” I'last (1909) presented 
evidence which shows that the sweet corns are dent, flint, or pop varietira 
whi ch have not the aijility to mature starch normall y. The few starch 
"^grains produced arc small, angular, and Imperfect. 

The Waxy Corns.— This group is of Chinese origin (( 'ollins, 1909) and 
is characterized by an endosperm of a waxy nature which results from a 
carbohydrate of a different form than in ordinary starchy maize varietic®. 

Inheritance of Characters. — There arc 10 pairs of chromosomes in 
maize and largo numbers of chai’actor pairs which segi'cgato in simple 
Mendolian ratios. The technic of crossing is not difficult and several 
hundred seeds can be obtained from a single pollination. 

As much or more information is available regardmg the inheritance 
of special characters as for any other organism except Drosophila. Eor 
this reason, studies of the genetics of maize are of groat importance. 
Extensive breeding studies are under way with the aim of obtaining 

^ Btubtkvant, BidL Torrey Botanical Cluby p, 355, 1894. 

® Stubtevant, BulL Torroy Botanical Club, p. 325, 1894. 

5 Ibid., p. 329. 

< fbid., p. 33L 
p. 333. 
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increased yields, greater rcvsistance to insect and fungus attacks, or 
improved agronomic characters. A knowledge of maize genetics has 
aided materially in the development of correct breeding principles. 

- Endosperm Characters. — The characters which differentiate most of 
the groups of maize are endosperm characters and, therefore, may under 
certain conditions be immediately modified by cross pollination. The 
word ‘^xeiiia^^ was first used by Focke (1881) to denote the effect which 
was apparently produced by the action of pollen upon the maternal 
tissue of the seed. The endosperm of maize was cited as a classical 
example of such an effect. After the discovery by Guignard (1899) and 
Nawaschin (1898) that the polar nuclei of the endosperm fuse with the 
second male nucleus of the pollen grain, Do Vries (1899), Correns (1899), 
Webber (1900), and Guignard (1899, 1901) saw that this furnished an 
explanation of xenia in maize. From a consideration of inheritance of 
endosperm characters the following law of xenia may be formulated: 

Xenia may result from crossing varieties wliich differ in a single 
visible endosperm character. When a character difference is dependent 
upon a single dominant factor, xenia occurs only when the factor is carried 
'by the male parent, or, when dominance is incomplete, xenia results when 
Stherlvariety th?rTna lo. When a character difference is dependent on 
more than one factor, all located in one parent, and dominance appears 
complete, xenia occurs only when these differential factors are located 
in the male; when dominance is incomplete, xenia occurs if the factors 
are located in either parent. When two varieties have a similar character 
or a different character expression but contain between them endosperm 
factors necessary for the production of a new character, xenia occurs when 
either variety is the male. A summary of the mode of inheritance of the 
principal normal endosperm characters, given in the following tabic, is of 
interest: 
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Kvakan (1924) doubts whether or not there are two duplicate factors 
for yellow in corn and believes that the 15:1 ratios resulted from a mixture 
of yellow endosperm and brown aleurone seeds. Anderson (19246) 
found no evidence of more than a single dark-yellow endosperm type 
although he did find a pale-yellow endosperm. Hayes and Brewbaker 
(1926) found that there were two yellows of different intensity, one a p,ale 
yellow and the other darker than pale yellow, which were members 
apparently of the Bn group. As the Y group is independent from the Bn 
group there is some reason to expect 15:1 ratios in certain cases. 



Fxa. 48. — Two first year solf-fertilizod cars of Miun. No. 23 showing the lethal endosperm 

character. 


The inheritance of aleurone color is even more complex than the 
inheritance of yellow endosperm color. The aleurone may be either 
colorless, mottled, rod, or purple. Three factors are necessary for the 
production of rod aleurone. These Kmorson (1918) has called R, C, and » 
A. In addition to those three factors, Pr, in either the simplex or duplex 
condition, gives purple aleurone. An inhibitory factor which was called 
I was first discovered by East and Hayes (1911). When this is present, 
the aleurone layer is colorless.' Races of white corn exist which contain 
some but not all of the factors necessary for the production of aleurone 
color. Certain crosses between white races give colored aleurone. 
With five or six factors involved, it becomes apparent that segregation 
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m certain cases may be in a simple 3:1 ratio, while segregation in other 
crosses may give extremely complex ratios. Fherc aie vaiious intensities 
of the purple color in different races. These have been discussed in 
detail by Emerson (1918) Over waxy or floury endosperm a purple 
color m the aleurone layer is of a dull-black appearance. With a varia- 
tion in color of the endosperm from wlutc to dark yellow there is a cor- 
responding variation in color of the aleurone from purple to brownish 
shades These differences in aleurone appearance are due to the inherit- 
ance of other genetic factors for endosperm characters beside those which 
govern the ability to produce aleurone color. There are some genetic 
differences in aleurone colors which are not related to the underlying 
endosperm characters. Two color patterns have been mentioned by 
Emerson under the names speckled and dark-capped The color is 
found on the crown of the seed and varies from a mere speck to a large 
spot. Both color patterns are rcceasive to normal or self-color. Aside 
from these color patterns which ai-e apparent in homozygous races, there 
are mottled colei’s which are only obtained in the heterozygous condition. 
Emerson has given quite conclusive pi oof that mottling is associated with 
the Rr factor pair. Apparently endosperms of the constitution RRH or 
BRr are self-colored while Rrr .shows mottling. 

The mheritance of an intermediate starchy-sweet (called pseudo- 
starchy) condition, which is often present in some sweet-corn cars, has 
been studied by Jones (1919). Three factors wore shown to explain the 
results: (1) a plant factor. A, necessary for complete expression of the 
so-called pseudo-starchy charact.cr; (2) an endosperm factor, li, which 
prevents the characteristic shrinking of sweet seeds; (.3) an endosperm 
factor, C, detcrmming opaqueness (! gives complete dominance, while 
A and B give an intermediate condition when heterozygous, and B in 
addition shows a cumulative effect in proportion to the number of factors 
involved. C and c give the greatest differential effect only in the presence 
of the homozygous condition for A and B. From this brief discussion 
it is easy to see that reciprocal crosses between AABBac, X aabbClC will 
not give like results. AABBcc fertilized with aahhCC will give an endo- 
sperm condition ABBbeC, while the reciprocal cross will give ahhBCc. 
As A is necessary for recognizable expression of pseudo-starchincss, one 
cross will show xeiiia while its reciprocal will not. As a rule starchy- 
, sweet crosses ai'o dopendeut upon a single factor pair . 

The cross between the waxy variety of Clhinese maize and American 
sweet varieties is of interest, as maize with a corneous endosperm was 
obtained in Pi, while in Fjs a ratio of 9 horny: 4 sweet: 3 waxy seeds was 
obtained. Many starchy-sweet crosses have been studied and as yet 
no case has been obtained which showed more than a single main-factor 
difference. Apparently, the sugary varieties differ by only a single 
main factor from the starchy varieties. 
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Reciprocal crosses between flour and flint showed no immediate effect 
of cross-pollination. The ears, however, of the Fi plants showed a 
distinct segregation into flour and flint seeds in a 1 : 1 ratio. Later genera- 
tions showed that the results were most easily explained on the cumu- 
lative-factor basis. If a soft flour variety was pollinated by a flint race, 
the endosperm would contain two factors for soft flour, SH, and one for 
flint condition, F, or »S»S7''. The reciprocal cross would be FFS. If two 
factors, FF or arc completely dominant over one factor, S or F, 
respectively, there would be no immediate effect of cross-pollination and 
the segregation on Fi ears would be in a 1 : 1 ratio. Dents crossed with 
flour races give a very similar result, but the seeds are not so easily distin- 
guished by inspection. Reciprocal crosses between pop and flour races 
show no immeiliato effect of pollination with complex segregation on the 
ears of F\ plants. Pure flour and pop forms may bo obtained in later 
generations, t)ut the results cannot lx; explained by a single factor dif- 
ference. With the hypothesis that pop and flour corns differ by two or 
more ^nain factors and with each factor behaving in a somewhat similar 
manner iis in the flint-flour cross, the difficulty of a correct classification 
by inspection is apparent. 

It is a well-known fact (East, 1909) that certain sweet-corn varieties, 
such as Golden Bantam, differ from flint varieties in only a single factor 
for starch production; other sweet varieties such as Btowell’s Evergreen 
are more like dent corns and when poUinatod with pollen from starchy 
varieties dent so(vls I’osult. Jones (1924a) presents evidence that crosses 
between pop and (Juzco flour corn produce both dent and flint seeds. 
These various results show that new types may bo obtained frequently 
by variation duo to recombination after crossing. 

Chlorophyll Inheritance.— The larger nurnboi-s of chlorophyll vari^ 
tions which are known to bo dependent upon different genetic factors is 
perhaps one of the most intoi-esting features of the studios of maize 
genetics. The chlorophyll abnormalities are of two types, those that 
appear in seedling progenies and those in the mature types. The seedling 
types are frequently lethal. 

Lindstrom (1918) presented an interesting paper upon the mode of 
inheritance of chlorophyll variation which is summarized here in consider- 
able detail. Three seedling types were observed: white-, viroscent white, 
and yellow. The white form is a true albino, apparently lacking chloro- 
plasts. The virescent white appears white at first, but under favorable 
conditions it gradually becomes a yellowish-green color, especially at 
the tips of the leaves. There is considerable variation in the appearance 
of different seedlings of this type but genetically all behave alike. The 
yellow type gives seedlings with a yellow color. Both the white and the 
yellow seedlings die before maturity. 
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The normal green form behaves as an allelomorph to the various 
seedling abnormalities and contains the three dominant genes, W, V, 
and L Counts of the number of normal green plants and the three seed- 
ling types obtained from various heterozygous plants are as follows : 

Green 1,513 White . 565 

Green . 4,297 Viresceiit white 1,394 

Green. 1,493 Yellow 532 

Virescent whites which turned green on maturity were selfed and 
produced a progeny consisting of 717 virescont-white seedlings and 9 
green The latter were due probably to stray pollen 

From a study of interrelation of these various factors, Lindstrom has 
concluded that the following phenotypic formulas explain the appearance 
of different sorts of seedlings' 

Ghebn ViKMhCENT White Yellow Whitl 

LVW LvW IvW iVu) 

ivw Lvw 

Ivw 


In a later paper Lindstrom (1925a) has discoverd another factor 
for yellow which produces yellow seedlings when in the homozygous 
recessive condition and in the presence of W in the dominant condition 

These studies have considerable bearing on the present conception of 
inbreeding and cross-breeding as applied to corn improvomeni/. Lind- 
strom found, for example, that plants containing the wW combination 
were less vigorous than WW forms. As a rule, a IFir plant produced only 
a single stalk which was easily blown over in a strong wind. 

There are also abnoimal chlorophyll types which appear in the mature 
plant. Of these, golden, green-striped, fine-striped, and japonica types 
are simple Mendelian recessives to normal green. In the golden type, 
when a month or more old, the green color begins to disappeai-. The 
golden type is not vpry vigorous toward maturity. It produces abundant 
pollen and small ears. The green-striped form appears about 2 months 
after germination. Those stripes arc uniform in distribution, green and 
lighter areas alternating, and running parallel through the leaf. Mature 
green-striped plants are less vigorous than normal green forms and 
the leaves wilt more severely on hot days. The japonica types arc striped 
with green, pale yellow, yoEow, and white, and are well known, Ijeing 
frequently used for ornamental planting. These forms are more vigorous 
than the golden or green-striped types. There are also fine-striped and 
spotted forms. The spotted forms have not ais yet been studied 
thoroughly. 
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Four of the mature-plant chlorophyll types have been found to be 
recessive to the normal green forms. The following genetic factors have 
been used by Lindstrom: 


g — golden type 
si — green striped 
j — japonica 
/ — fine striped 


The following summary expresses the factorial condition of these forms 
of chlorophyll abnormality; 


CHLOItOPHVLL. TyPKH 

Green 

White ^ ‘ 

Viroscent white 

Yellow 

Golden 

Green -sir ipesd 

Jtiponica whiici-stripcul 

Japonica yollow-Htriiietl 

Fine striped 


CULOROPHYI-L FACTORfi 

WVWStJF or WYIOHUE 

wVWStJF 

WvLCJStJF 

WvlGSUF 

WVLgHUlF or WVlgHUF 

WVLOsUF 

WVLOStjF 

WVmtjF 

WVLGStJf 


As will bo pointed out in the list of factors, there are at least eight 
different factors for virescent seedlings and eleven for white seedlings. 
By examining the linkage relations it will be observed that the loci of 
several of these factors has been determined, (..'ertain factors, such as Wi, 
produce white seedlings when recessive. Others, such as Ws and we, are 
complementary and both must be recessive and homozygous in order that 
white seedlings may be obtained. Thus W s, and W « are duplicate genes 
for chlorophyll, either alone loading to the production of chlorophyll. 
If wr, and Wo were not linked the progeny of a plant in which both Wi 
and Fg are heterozygous would be expected to consist of a ratio of 15 
gi'een seedlings ; 1 white. Lindstrom (1924) has presented data regarding 
three factor pairs, Fiwii, W^Wi, F 3103 , which are inherited independently. 
All three dominant factors are necessary for the production of chlorophyll 
but a single factor pair, when homozygous and recessive, leads to the 
production of white seedlings. In addition to these types which have 
been mentioned in some detail, there are numerous other types of chloro- 
phyll abnormalities which occur both in seedlings and in mature plants. 
The extreme complexity of the inheritance of chlorophyll is of interest 
in relation to the complexity of chlorophyll from a chemical standpoint. 
Apparently, many different loci play a part in the development of 
chlorophyll. 

Linkage in Maize.— Maize has been used extensively in a study of the 
chromosome theory of heredity. Without doubt, as much is known for 
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maize regarding linkage relations as for any other organism except 
Drosophila. Dr 11. A. Emerson of C’ornoll University has been an 
active leader of the studies of genetics with maize. Other plant-genetics 
departments have also engaged actively in studying the inheritance of 
characters. New characters which can be used in linkage studies are 
being constantly discovered. It is the present purpose to summarize 
the more important genetic factors which have been discovered together 
with their hnkage relations and to review briefly the inheritance of those 
characters which arc of special interest to the breeder. 

An alphabetic list of some of the more important factors, a brief 
statement of the character concerncid and the investigator who described 
the character will be given. In this list the dominant factors are 
capitalized : 

A anthocyanin, genoriil plant coloi found in alcuinno, poiioarp, stems, leaves, 
etc. (KmerKon, 19 IS, 19216) 

ad adlior(‘iit, Icavot? and iamA adhering (KempUin, 19216) 
an anthei c.ir, Rornidwarf plant with anthers throughout oar (Eiiioison and 
Erncison, 1922) 

B *‘brown,” a plant color factor. One of an alhdoniorpluc .scri(‘s /i, h 
(KmeiHon, 10216) 

6r hiucliytic, characterized by shoi toned inhuiiodos (Kfunpton, 1020) 
hi blotched leaf (Emci-sou, 1923) 

Bn Brown alourone (Kvakan, 1921) 

bv brevis, dwarf plant (Kvakan lists as “unpublished data,” 1924) 

C colored alouronc, complementary to A and R lactom (East and Hayes, 
1911; Emerson, 1918) 
cr crinkly leaf (Emerson, 1021a) 

ddwuii plant with anthers throughout (iar (hhuoison an<l Enuirson, 1922; 
Demcroo, 192C6) 

dei to den defective, partial development of <m(losp<‘nn (Joiuss, 1920; Lindsiroin, 
1923c; Mangolsdorf, 1920) 
f fino-stnped k*tif (lindstroni, 1918) 
fl floury endosperiii (llay(*s and East, 1915) 
gi Qi gohlcn plant color (Lindstroni, 1918; Jenkins, 1920) 
gli to gU glossy se<»dlings (Brunson, 1920; Kvakan, 1921; Uay<"s and Brewbakcr, 
unpublished) 

gm germless seeds (I>emeiec, 1923a) 
gs grecn-Btripod leaf (Lindstroni, 1918) 

I inhibitor of aleurono color (lOast and ITaycs, 1911) 
in iutensificr of rod and purple aleuronc (Fraser, 1924) 

;japonica*stripcd leaf (Lindstroni, 1918) 
hj Iz lutcus (yellow) seedling. Fae.tors for xanthophyll and carotin pigments 
(Lmdstrom, 1018, 1921, 1925a) 

Ig ligulelcBS leaf (Emerson, 1912) 

U lineate leaf (Collins and Kempton, 1920a) 
mi, mz yellowiBh-whito seedlings (Stroman, 19246) 

F pericarp and cob color, An allelomorj>kio scries etc. (Emerson, 

1911) 

phi to phi piebald seedlings (Domcrec, 1926a) 
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pgi to pgr 5 palc-p;rocn seedlings (Brunson, 1924; Demerec, 1925) 
pk polka dot leaves (lOvstcr, 1924c) 

PI purple plant color, develops in local darkness (Emerson, 19216) 
prrii priitiitivo sporophyte (Eyster, 1924a, 6) Mangelsdorf (1926) has found 
several factors for premature germination, i.c.^ Eysber’s primitive sporphyte 
and lists these as gei to pro. 

Pr purple aleurone (East and Hayes, 1911), in presence oi A, C and R, 

R “red** aleurone, one of the complcmKiutary factors (ACR) for aleurone 
color, and also in an allelomorphic series affecting plant colors and peri- 
carp: /t», ro 7 '<^\ etc. (blast and IJayes, 1911; Emerson, 1918, 19216) 

ra ramosa oar (ChTuort, 1912) 
sc seamal endosperm (JOyster, 1922r) 
sla*unk(‘.n (‘ndoHp(‘.rm (Hutchison, 1921) 

6‘/c silkh‘ss (Jones, 1925) 

$m salmon silks (Anderson, 1921) 
su sugary (mdospcTin (East and Hayes, 1911) 

T teopod tassed (Lindstroni, 19256) 

ts\ to ts ‘4 tassid se(‘d. Produces only pistilla.t<‘. flowers in the tassel (Emerson, 1920, 
and unpuhlislKMl dtita) 

tunicate ea.r (East and Hayes, 1911; Oollins, 1917) 
iwi to kih twist(‘d s(uh 1 lings (Kvakan, 1925) 

V virescent se(‘(Uings (Lindstroin, lOlS) 
vi to ??6, viresc(mt se(^(llings (Demerec, 1924) 
wi to u ’3 white secullhigs (Lindstroin, 1018, 1923a, 1924) 

W 2 white HCHMllings (Stroman, 1924a) 
uh to icix white seedlings (Dciinoreo, 19236, 19206) 

icX white base leaf characters (Stroman, 19246) 
wx waxy (mdosperm (Collins, 1900) 

Xni xantha se(ullings (Trajkovicli, 1924) 

X 7 i 2 xantlia seiidlings (Demerec, 1925) 
y, yedlow endosiierm (East and Hayes, 1911; Anderson, 19246) 

Yp pale-yellow endospe^rm (Hayes and BnnvhakcT, 1920) 

72 yellow <mdosp<inn (Hayes and Bnwbakor, 1920) 
zg z zigfiag culm (Eyster, 1920, 19226) 


Other genetic factors have been discovered and new factor relations 
are constantly being determined. Those given in the list are the more 
important which have been used in studies of linkage relations. A few 
others have been included because of special interest in the characters 
concerned. 

A summary will bo given hero of the linkage groups and reference will 
bo made to the investigator concerned. C3rossing-over percentages will 
be given. Iho chromosome map can be drawn by the student when 
sufficient information is available, in the light of the information here 
given: 
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The Group, />A, (7-/, s/?,, mr, ?’i 


Investigator 

Factois 
con coined 

(hossing-ovor 

peiccntage 

Biegger, 1918 

C-WT 

20 7 

Hutchison, 1921 

C-wv 

21 7 

Stadler, 1925, 1926 

CUin 

17 9-25 9 

Hutchison, 1921, 1922 

r-.sA, 

3 1-3 4 

Stadler, 1926 


Male gametes 3 4 

Stadler, 1926 

C^sh 

Female gametes 2,3 

Eyster, 1924c 

C-pk 

2 

Demercc, 1924 

C-vi 

30 

Hutchison, 1921, 1922 

Dsh 

3 6-40 

Hutchison, 1922 

I-wx 

20 0 

Eyster, 1924c 

ph-tih 

10 

Dcmerec, 1926?> 

sh-^Wn 

22 3 

Hutchison, 1921, 1922 

sh-wv 

18 3-2L 8 

Stadler, 1926 

sfi^wx 

Male gametes 22 1 

Stadler, 1926 

sh-wx 

Female gametes 20 0 

Dcmerec, 1924 

Vi-iur 

7 

Hutchison, 1922 . 

CU 

Closely linked or id(‘n- 
tical lo(‘i 

Demcrec, 19266 


22 S 


The “72’^ Group, R, pgi, Zi, (LmowTiiOM), g\, h 


Investigator 

Factors 

concerned 

Crossing-over 

percentage 

Lindstrom, 1918 

R-Oi 

23 

Brunson, 1924. . . .... 

R-pi/i 

23 3 

Lmdsirom, 1918, 1921 . . 

R-h 

0-1 6 

Demcrec, 19266 

Ikgnh 

31 0 

Lindstrom, 1926</ . . 

R4, 

33 9-35 4 

Lindstrom, 1918 . 

IvQx 

19 

Lindstrom, 1925a 

Irdf 

none 

Lindstrom, 1925a 

lirWz 

21.7 

Stroman, 1924a, , , 

R-lV, 

17 

Brunson, 1924 .... 

pgi-k 

44,0 


The Group, 7\ (kj vh, (kh jyrj 


Investigator 

Factors 

con(?crncd 

Crossing-over 

jmreentago 

Jones and Gallastcgui, 1919 

su-Tu 

8.3 

Eyster, 1921, 1922a. . . 

H'UrTu 

28.6-29 6 

Demereo, 192Ga 


32.4 

Wonte, 1925 

siirde 

3,2 

Stroman, 19245 

SVrVxl 

25 

Mangelsdorf, 1926 

fithdei 

38.5 

Mangelsdorf, 1926 


26.0 

Mangelsdorf, 1920 

HiMgei 

40 0 
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The “B’' Group, B, Ig, V 4 y tsi 


Investigator 

Factors 

concerned 

Crossing-over 

percentage 

Emerson, 1920 


20.8 

Emerson, 1920 

tSi4g 

45.8 

Emerson, 1920 

B-lg 

29.2 

Emerson, 1921?> 

B4g 

30.5-33.4 

Jones, 1925 

B-ak 

10.5 

Domerec, 1924 

B-iu 

16.8 

Dcmerec, 1924 

Ig-VA 

43.2 


The “y” Group, }'i, PI, nw, //'i, 7ti\, mo, j/v, 


Investigator 

Factors 

conc(irnf‘d 

Crossing-over 

percentage 

Emerson, 192 1/> 

Anderson, 1921 

Anderson, 1921 

Anderson, 1921 

Stroman, 192 k/- 

Stromau, 1924a 

Stromaii, 1924a 

Lindstrom, 1924 

Stroman, 1924a 

Demerec, 19235 

Demcrec, 10236 

Demerec, 10236 


21 .2-30.0 
29.7 

36. S 

10. 0 

25 

33 

33 

35 

42 

24.3 

24,5 

36.9 

TtiK “P” Gb()ui>, hr, P, Ui, / 

Investigator 

l^'actors 

concerned 

Crossing-over 

percentage 

Emerson, 1920 


none 

Anderson and Emerson, 1023 . . . . 

UttP 

1.0 

Anderson and Emerson, 1023 

p-/ 

36 

Kempton, 1921a * 

P-Ijt 

35.5-38.1 

Kempton, 1922 

ad-br 

16.8-30.0 


The Group, 


Investigator 

Factors | 
concerned 

Crossing-over 

percentage 

Btroman, 1924a , , i 

A^vz 

A-Vz 

45 

independent 

Demerec, 1924 
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The "‘Bn” Guoiri*, Bn, i(i, I's, i/l, pOi, ^ v, is 


Iiivosligtitor 

Factors j 
concerned 

Crossing-over 

peiceniasc 

Kvakan, 1924 

Bnr^gl 

18 7-29 4 

Kvakan, 1924 

Bn-ra 

38 2 

Kvakan, 1924 

Bn-vs 

24 9 

Kvakan, 1924 

gl'UB 

6 2 

Demcrec, 1925 

Bn-ygz 

4 5 

Hayes and Brewkakcr, 1026 


20 5 

Hayes and Brewbakcr, 1926 

BnrYi 

38 5 


Besides these definite linkage groups, various other reports of linkage 
relations between certain factors have been made. X'or the most part 
these are not reported in sufficient detail or they have not been studied in 
relation to known groups so that it is definitely known whether they 
belong to any of the groups which have been differentiated. 

Rather extensive tests have been made which indicate that probably 
these eight groups are independent of each other in inheritance. A brief 
summary of certain results will bo made without making literature cita- 
tions. Two or more factors of the C group have been found to bo inde- 
pendent in inheritance of ono or more members of the other seven groups. 
Factor R of the R group has been found to bo independently inherited 
from ono or more factors of other groups and several factors of the R group 
have been found to be independent in inheritance of factors in the su 
and B groups. Factors su and Tu in the su group have been found to 
be independent in inheritance of ono or more factors in the R, Y,P, A, 
and Bn groups. Two or more factors of the B gi-oup are independent in 
inheritance of factors located m the Y, P, A, and Bn groups. -Likewise, 
two or more factors of the Y group are independent of one or more factors 
located in the P, A, and Bn groups. Two factors of the P group arc 
independent in inheritance of factors in the A and Bn groups, and both 
A and vz are independent in inheritance of Bn. The group designated 
as A is perhaps not as definitely proved as the other seven groups, and 
the possibility is not precluded that groups which appear separate 
may be found to belong to the same Knkagc group when more interrela- 
tionships have been studied. 

Variability of Crossing Over in Maize. — Emerson and Hutchison 
(1921), Eystcr (1922a), and Stadlor (1926) have compared the relative 
frequency of crossing over in microsporogenosis and raegasporogenesis. 
In the studies the same Fi plants were used to compare the crossing-over 
percentages of male and female gametes. In some cases there were 
significant differences in crossing-over percentages. Stadlor found that 
crossing-over percentages wore significantly higher in male than in 
female gametes. Crossing-over percentages in male and female gametes 
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of the same plants were not found to be correlated. Crossing over in 
female gametes was ai:)parently modified by age of plant or environ- 
mental conditions which had no effect upon the male gametes. He also 
found that there was a difference in unrelated families in crossing-over 
percentages in both male and female gametes. 

Selective Fertilization. — In some cases there are slight significant 
deviations from an expected 3:1 ratio which loads to a deficiency of the 
recessive seeds. In studies of plants segregating for the waxy character, 
Brink and MacGillvray (1024) found that the pollen grains could be 
separated on the basis of their iodine reaction, the one giving the typical 
violet starch reaction and the other staining red. The proportion of 
waxy types was slightly in excess of the starchy, but there was a deficiency 
of waxy seeds in heterozygous ears. It was suggested that the slight 
chemical diffei’ence in the storage products of the pollen grains might 
cause a differential growf.h rate of pollen tubes. 

Jones (1920) has observed selective fertilization in corn for its own 
pollen. Equal quantities of a plant’s own pollen and of another type 
were mixed and applied to the plant, (characters were used whereby 
it was possible to separate self- and cross-pollinations from each other. 
Jones concluded that there was a definite receptiveness of a plant for its 
own pollen and imlikenoss instead of favoring fertilization is a hindrance.’^ 
Selective fertilization was also studied in a sweet-pop cross (Jones, 19246). 
It was concluded that there was an intei'action between the pollen tube 
and the tissues in which it grows, such that pollen carrying the dominant 
or starchy facstor is able to accomplish feidJlization better in a sporophyte 
carrying the dominant factor in a homozygous or heterozygous condition 
than pollen carrying the recessive factor* 

Inheritance of Other Endosperm Characters. — l’'hcro arc numerous other endo- 
sperm cliaractc^rs. B(\sifl(ns the four alouronc factors tluiro is a factor for iutcnsifica- 
tion of aleuron<) (iolor (Fraser, 1024). Ordinarily red and purple aleuronc carries^ 
this factK)r in th(^ condition. When the factor is in the dominant (‘.onditio*^ 

in the pr(i,sen(‘,e of A, <7, and Rj light r<id results and wluni Pr is prosont the color 
light pnrplc!. Niinu^rous otlier lienditary variations in ahnirono color have been 
observed but jiot stiulicid thoroughly. 

Several investigators have described various types of hereditary defective seeds in 
maize which are simpler jxjccwhivcs to normal typos. MangeJsdorf (1026) has summar- 
ized many of tlujse sludic^s and for this reason no attempt will bo made to r<to to the 
various papers. Shrunken ondospenn is th(4 best known of these endosperm defects, 
as it has beer^ (^xtensiv<ily us(‘d in linkage studh^s. The munbor of types of hereditary 
(l(‘fective seeds is apparently very large. Mangolsdorf has studied 14 defc^ctivc types, 
each of which results from tlio homozygous recessive condition of a single factor pair, 
By monm of intocrosscis it was concluded that det, and den wore identical. Othci 
combinations of 14 defectives wore sttidied and the statement was made: “A sample of 
14 typos was tak<m at random from the grab bag wbi(di constitutes the genuplasm of 
maize and 13 of those provo<l to be genetically distinct.*^ 

Miingelsdorf describes brittle endosperm which he found to be inherited as a simple 
recessive and which was intermediate in appearance between shrunken and sugary. 
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Types of prematuie gorminatiou ■wcic also woikocl with, which Eyst-cr called primi- 
tive sporophytc ” Four goiiotically diffcieut simple ro(‘e,ssives were studied. One 
case of duplicate factors was observed These alinoimal endosperm types well 
illustiate the enormous number of undesiiable rccessives in maize 

Colors in Plant Organs.— Theie is a group of anthoeyanin color chaiacteis which 
are expressed in one or all of the following oigans cob, pericaip, silk, tassel, i v , glume, 
and in the leaves and stems. Theic are several diffcient cliaractei cxpicssions of a 
stable nature foi this gioup of color chaiacteis In some cases the coloi in two or 
more oigans may be luhontod as if due to a single factor For example', tlu' (joloi in 
cob and pericarp is often correlated in inheiitance Emeison (1911) luis found a 
case in which the factoi for color in the cob behaves as an allelomorph ol the la(dor for 
color ill the pericaip In the illustiation given in the following table, Ri lepiesents 
the factor for cob color and Ea the factor for pericarp coloi 


Table LX, — Summary of a Cross in Wuion a I'vfTOR for Cob Color Bkiiwed 
AS AN Allelomorph op a Factor for Color of rKRio\RP 



East and Ilay<‘s (191 1) have given a case of a cross bet ween two n'ddish flush pericaip 
colois which developed only under light conditions, whicli gave a 15 1 1 ratio in 
This indicates two sc'paratcly inluTited factors. 

There arc numerous expressions of colors Hayes (1017) obtained four pi'rieaip 
colors which bred comparatively true when self-fertilized 'Tbesi' wi'n* calk'd solul 
red, in winch the pericarp was uniformly red; variegiilnd, m whicdi th(‘ color was in 
deep red stnpes of various sizes; pattern, in which the color w'as also in stripes but 
was mucli lighter m intensity; colorless, lacking color in the pericarp. 'I'he factors 
for rod, variegated, pattern, and coloi less appeared to form a seru's of in ultipk' allelo- 
morphs. The cross betw^oen pattern and variegated gave an increase in bud sports 
m Fi, i c,, cal’s which produce two sorts of peiicarp color sharply <liff<'rentiated , while 
m Fi a few solid red ears were obtained and many stripeil <‘ars. Thm was iipcwmted 
as an instance m heterozygous material in winch a change' in a character ociairrod. 
Without attempting an explanation it was pointed out^ that no su<di change, 
occurred in six generations of selection in sell-fertiliz(‘<l families of the red, strijied, or 
pattern lines. Emerson (19 Ua, 1917) has studied the inh<‘ritanc(* c)f these anthoeyanin 
colors for several years. To explain the pioduetion of solid red in variegati'd races, 
he supposes a change or mutation in the fai^tor Y, for varic^gated, ti) N forself-exdor. 
Emerson concluded: 

“These results favor the idea that single allcloinorphie factors, ratlu'r than two or 
more closely linked factors, are responsible for the color pattern of both glunioH and 


The concluding paragraph of Emerson^s 1017 paper is directly in line with the 
ideas which have boon developed throughout this hook. With most plant-brooding 
material of farm crops, there is no ovidonoe for basing a system of plant improvoraont 
upon mutations, as those aro infroqiiont. With anthoeyanin color charactors of com, 
inherited changes somotinvos oeeur more frequently and such mutations boootno of 
seloctiou value. This does not invalidate the puro-lino concoption Cor the largo num- 
ber of cases where factor stability is the rule. To quote from Emerson: 
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‘‘The existence of the series of at least nine or ten multiple allelomorphs to which 
variegation belongs, indi eaters that a factor for pericarp color has mutated several 
tinios. Some of the factors for this series hav(' not been observed to mutate, while 
others have mutated rarely and still others many times. In fact, the principal differ- 
ence between certain of the factors is thought to lie in their relative frequencies of 
mutation.’' 

Eyster (1924r/, 1025) has made extensive {studios of mosaic pericarp in maize and 
has suggested that the geii<s for such characters as mosaic pericarp, is composed of 
gene elements which through structural rearrangement cause a change in the gene 
constitution. 

Anderson (1924a) has })resented a careful study of a series of cob and pericarp 
color crosses. The factors work('d with were considered to belong to the F or peri- 
carp series and might bo written as P", wliicih are factors, respectively, for red 
pericarp red cob and c.olorloss ptTicarp rod cob. fn And'orsou’s study they arc written 
as RR and WR. Anderson’s purpose was to determine whether they were allelo- 
morphic or whether linkage and crossing over occurred. If WR and RW wore not 
allelomorphs then combination typ(^s would o(UMir by crossing over and WW and RR 
could be obtained. That is, from a cross of red cob, white perictarp X white cob, red 
pericarp, homozygous types which produce red cob, red pori<5arp and whit(‘ cob, white 
pericarp could be obtained. . 

The following factors werc^ studu'd: 


Factors 

iVricarp color 

(k)b color 

RR 

red 

rod 

OR 

light red to orange 

red to orange 

WR 

whit<‘. to pale orange 

red 

OW 

light orange 

white 

cw 

Hid or orange, white capped 

white 

CR 

r(‘d or orange, white {*.app(‘d 

red 

WW 

white 

white 

VV 

vari(!gai.(‘d 

variegated 

MO 

variegatt'd, crown patch 

light to white 


There is considerable variation in each of these combinations. Tn general, <‘olor 
is more or less doitiinaut over colorless, Tlui tests for allelomorphism weri^ made by 
crossing two differtmt typos and out-crossing the Pi to a WW typo. The following 
crosses wore made with rcisults obtained: 


CftORHKH 


Kahh Outlined 

{WR X CW) to WW 

1751 WR 

1084 CW 

X lili) to WW 

1001 WR 

993 RR, 1 VV 

{CW X RR) to WW 

1149 CW 

1227 RR 

{WR X VY) to WW 

2374 WR 

2240 VV, 70 RR, 15 WW 

{OR XVV) to WW 

773 OR 

712 VV, 20 RR, 4 WW 

{OR X VV) to WW^ 

714 CR 

683 VV, 14 HR 

{RR XVV) to WW 

1399 RR 

1308 VV, 2 WW 

{WR X MO) to WW 

1509 WR 

1508 MO, 3 RR 

{OR X MO) to WW 

588 OR 

551 MO, 1 RR 

{CW X MO) to WW 

1603 aw 

1572 MO, 5 RR 

{RR X MO) to WW 

173 RR 

174 MO , 


1 One combination typo in CR X E F, was obtained. In one other cross, €W X W 
which did not mature, one combination typo oar was observed. 
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Most of the now ivpos (difforont than the parcMits) ofif’urrcd bv mutation. “ Two 
com])inal.ion i.ypos appoarod which may liavo bocu due (<o crossing over or more 
probably to stray pollination ” The ears were fiozcn belore maturity and th(‘ir prog- 
(‘iiy could not ]')0 lurther tested 

The evideneo is in lavor ot‘ allelomorphism iK'eausc* 

1 Tests have given no clear evidence ol crossing over 

2 In progenies of crosses ol different pericarp types, parental types only have 
been observed to breed true 

3. Inherited soniatn* mutation is more easily interpr(‘ted as resulting fiom modi- 
fications of single genes 

There are two series of pericarp colors (Anderson and Ijjmerson, 192.i)r 

1, A series of allelomorphic or closely linked types which are (‘haraeterized by a 
rather insoluble bii(!k-red or an orange-red pigment. Hus is th(‘ s'tk's previously 
discussed and which Andemoii (ioneluded belongr^d to a scTies of multiple all(‘lomorphs 
The red senes is the result of a combination of the laetor P with th'‘ aleuroue (jolor 
factor A, The phenotvpic conditions for pericarp colors in this siuues are as follows: 
PA, red; Pa, lirowii; pA, pa, colorless. 

2. Clherrv p(‘ricarp color, due to the presonct* in the pericarp of tln^ wai.er-solubl(‘ 
purple pigment (antliocyanin) found comnionlv in sheaths, leaves, antluTs, etc Ihis 
pericarp color results liom th(‘ interaction of th(‘ purpl(‘ plant color fa<*.tor PI, the A 
aleurono factor, and the allelomorph of the R aleuroiK* factor s(‘rn‘s I lu‘ plumo- 
typie conditions are PI A, cherry pericarp; PL a, pi A, pi (i, colorliHS peri- 
carp. Other allelomorphs of the U senes giv(‘ colorlcsw peri(‘arp only. 

Htudies of silk c-olois have been made by Anderson (1921) and lour types have be<‘n 
differentiated: 

Green* Silks green varying from a pale to y(*llowiHh gn^mi. 

Red. Silks green, cxc(‘pt when exposed to light whim color may vary from a 
slight trace m the hairs to a dark-red color. The color und(‘rneath the liusks is some- 
times slightly reddish Golor due to the U factor 

Salmon: Silks light orange to salmon. Hie color below the husks is the same as 
the exposed part of the silks. 

Brown: Silks orange pink to pale brown. Hie color forms a st^rii^s from almost 

green to salmon. ^ , 

The salmon (‘olor is dependent on a recessive* factor, am, while l>rown is obtamod 
m the presence of A when am and p an* r(*c(‘ssiv(‘. 

A Pm P, A Hni p, a Em P, a Bm p ~ gr(*(*n 
A am P ~ salmon 
A am p « brown 
a am P, a am p - green 

The summary given here is quoie<l from Limlstrom’s papf‘r (1923?>) and is taken 
from the work of lOmerson on plant (*olors wlio has made (?xtc*nsive studies of these 


characters in maize. 

Anthtskh 

purple 

A PI weak purple purple 

A B PI Ro purplv. 

A B pi sun rod • - • • 

A pi R^ weak sun red 

A B pi R^ sun red 

AhPlR^ dilute purple purple 

A&P/P^green 
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AbplR^ dilute sun red pink 

AhplRo green green 

aBPlhTOwn green 

a B pi green (or slight brown in sheaths) green 

a h PI green (or slight brown in tassels) green 

ah PI 7 ’^^ green (considerable brown in tassel) green 

a b pi green green 


Factor r’’ has tlie same effect on plant color as 22’*, and r® the same effect as R^. 

‘‘When a purple plant that is heterozygous for the three fundamental factors Aa 
BbPl pl (R^ or r'^ r^) is self-fertilized, the following trihybrid ratio results: 

‘‘27 /I i? PI — ^purple stalk, loaves, and tassel; anthers purple 
9 A B pi — siin-rcd stalk, leaves, and tassel; anthers pink 
9 A b PI — dilute purple leaves, and tassel; authors purple 
Z Ah pi — dilute sun-red leaves and tassel; anthers green 
9 aB Pi — ^l)rown stalk, heaves, and tassel; anthers green 
Z aB pi — green stalk, leaves, and tassel; anthers green 
Z ab PI — gr(^en stalk, leav(^s, and tassel; anthers green 
1 a 6 pi — gr(‘cn stalk, hiaves, and tassel; anthers green 

“Striking confirmations of this hypotliesis are evident when the dilute purple 
(showing surprisingly litth^ purple color) typo is cross(‘.d with the sun-red type (with 
no purple). The F] of this (*,ross consists of full purple plants with a great amount of 
pigment. An identical Fi restiHs from a cross of the brown type X the dilute sun 
red, neither parent showing any purple pigment whatsoever.'' 

Dominant Plant Characters. — Perhaps the most striking is that characteristic of 
the pod group. Collins (1917) presented evidence proving that the ordinary type of 
tunicate or podded maize represents a case of imperfect dominance and is unfixablo 
and related to the heterozygous condition. The homozygous, Tu Tu, type produces 
shorter ears than those of the other types and has sterile spikeiets and veiy long pods 
and the glumes of the tassel are very long. No pollen is shod from such tassels. Seed 
may be produced in the pistillate flowers of the tassel through cross-pollination. In 
the ordinary podded* maize or heterozygous condition, Tu tu, each seed is enclosed in a 
short pod, otherwise the plant resembles normal maize. Another interesting type 
has been called Teopod by Lindstrom (19256). It is a simple dominant character over 
normal corn. In this case a multiple dominant gene is responsible for many changes 
in morphological habit inchuling changes in tlie pistillate and staminato inflorescences. 
It was called Teopod because of the resemblance to t(K>sinte and pod com. 

Recessive Plant Characters. — The number of these is rather large. Bevcml culm 
characters are of interest. In the type called adherent the loaves, bracts, and inflores- 
cences adhere to one another in varying degrees. In some extreme cases the leaves of 
the young seedlings adhere. The firm union of upper leaves of more mature plants 
causes startling contortions. Adherence is probably a simple recessive (Kempton, 
19216). Zigzag can be noted only after the plant is nearly mature. Zigzag culm 
tends to dwarf the plant (Eyster, 1920, 19226). It is probably a recessive and 
dependent upon the double recessive condition. Braohytic is characterized 
by great shortening of all intemodcs of the plant. It differs from the ordinary dwarf 
in that the size of the plant is not reduced except for the shortening of the intemodcs* 
(Kempton, 1920, 1921a.) It behaves a simple recessive character. Dwarf and 
anther oar are typos characterized by the production of stamens in the car. Anther 
ear is a taller type of dwarf than the dwarf typo. Each type is a simple recessive to 
normal and crosses of the two types give normals in Fu Dwarf anther ear, the double 
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recessive, is an extreme dwarf The factors for these types are independentlv 
mhented (Emerson and Emerson, 1922). 

Several leaf-character vanations have been caiefully studied. The t\ pe \\ itti tii(^ 
haule and auricle absent is a simple recessive (Emeison, 1912t) and the factoi for the 
character is located m the B gioup. Crinkled leal, also described by Einensou (1921a), 


behaves as a simple recessive 

Theie are sevcial tassel chaiactcis which are simple rccessivos Two typos calletl 
“tassel seed” are of interest as they belong to different linkage groups Both aie 
pistillate-floweied types One originally called “tassel ear” is smaller and woakei 
than noi-mal maize plants of the same line The vigorous tvpe, (.v., belongs to the 
Imkage group which also contains hr, P, f. 'riie smallci, weaker typo is called is, 
and belongs to the group r,, B, Ig 

The two most mteiesting ear characters which arc simple reccssives are ramose 
(Goinert, 1912) and silkless (Jones, 1925) With the ramose variation the 
iioimal pistillate ear is replaced by a compound stiucture resembling the staminate 
inflorescence. This chaiactei is Imked with Brt-vs-gl Silkloss, nk, pioduces nor- 
mally vigorous tassels, few to no silks, rudimentary ovules, and, therefore, produces no 

seeds It belongs to the group «Si, n., B, iff 

Some Seed and Ear Characters. — Crosses between dents and flints were studied 
by East and Hayes (1911). Thcic is no immediate visible effect of foreipi pollen on 
the endospeiTO seed chaiacters which separate these subspecies Kogregatioii occurred 
in EsJ some foims were obtained ui Fa which liicd true to flint habit; some bred true to 
the dent typo, while still others showed segregation. Two or more factors wen> neces- 
sary to explain results. The inheritance of the pointed condition ot the seed which is 
characteristic of white lico pop was also studied by Hayes and East (1915) It was 
found possible to transfer this pomted condition to tlin dent sul ispocies. llesull s wei e 
complex and mdicated that two or more cumulative factors were involved. 

Size Characters.— Emerson and East (1913) summaiized inheritance of size char- 
acters of seeds and ears Weight of seed, seed measurement, number of rows, and 
length and diameter of ear were characters studied. In general, the F, condition was 
intermediate, and complex segregation occurred in Ft. The inheritance of height of 
plant, of period of maturity, and of suckoring habit was also studied. The fact that 
a eonsidcmblc senes of fairly stable varieties is known which exhibit numerous ciindi- 
tions of the development of particuhir size characters, is also evidence of a complex 
inheritance. Segregation occurred in F% and extracted forms were obtainc'd whicli 
approached the original parental conditions. Intermediates, as well as oxtreiiins, 

sometimes bred true. . . 

Chemical Composition.— The classical selection experiments of the University of 
Illinois for the purpose of isolating high and low protein, and high and low oil strains, 
are well known. They prove conclusively that strains diffenng in chemical composi- 
tion may bo isolated by selection. Table LXl gives the results for 15 years’ selection. 
This information was obtained througli the kindness of Profs. L. 11. Hmitli and (.. M. 


Woodworth. • , i • 

Progress during the latter years of the experiment lias not been so rapid as during 
the early years, which is probably because the genetic limit for high and low protein 
and high and low oil production has nearly been obtained. Those new strums have 
been named llhnois High Protem, Illinois Low Protein, Illinois High Oil, and Illinois 
IjOW Oil, respectively. The High and IjOW Protein strains wore crossed with a.norimd 
Learning variety by Hayes (1913a). The Ft generation of the cross between _I/)w 
Protein and Learning produced approximately the same protein content «» Jllinois 
Low Protein, while the cross between Ixsaming and lllmois High Protein gave about 
the anmc protein content in Ft as the normal Learning variety. Results are given m 


Table LXIL 
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Table LXIjB.-— R esult op Selecting Maize for Hkih and for Low Oil Content, 

Respeotiybly 


Average Percentage Oil in Crop Elach Generation 
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Table LXII. — Inhebitanub oe Protein in the Fibst-oenbration Crosses 
BETWEEN Illinois Low Protein and Illinois High Protein and Stadt- 

mueller’s Le amino 


Variety 

Number 
of ears 
analyzed 

Variation in 
ears in protein 
content 

Average pro- 
tein content, 
dry basis 

Illinois High Protein 

19 

11.95-17.10 

14.87 , 

Learning, 1910 seed 

13. 

7.75-16.28 

11.85 

Fi Cross 

12 

9 25-14.68 

11.85 

Illinois Low Protein 

16 

6.81-11.56 

9.41 

Learning, 1911 seed 

14 

8.21-15.94 

12.19 

Fi Cross 

9 

7.69-11.86 

9.18 


Self-fertilization seems a logical means of obtaining pure races of 
different chemical compositions. Numerous ears should be self-fertilized 
and analyzed. Those that appear of promise may then be used and their 
breeding nature determined by the progeny test. As soon as homozygous 



Fio. 49. — Two hifih protein strains of Minn. No. 13 at loft and right rcsi>eotivoly which 
have lieon «elf-£ertUisiod for five years and first generation itross between them in the center. 
The Pi yielded slightly more than normal Minn. No. 13 and analyzed 2^ por cent higher 
in protein content. 


forms containing the desired characters have been isolated, they may be 
used as foundation stock for the production of an improved variety. 
That high-protein races may thus he isolated has been shown by Hayes 
and Garber (1919), East and Jones (1920), and Hayes (1922). 

It was observed in the Minnesota studies that there was a correlation between 
the number of seeds produced by particular self-fertilized F i ears of the cross^ A, B, 
and K, and protein content. Ixiw numlwr of seeds per ear was correlated with high 
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protein content. The Pi crosses, A, J5, and K, yielded slightly more than noi mal coi n 
and gave 2 5 per cent higher protein content It is no doubt true, as eniphaHized by 
East and Jones, that maximum yield of giain and high protein content probably 
cannot be obtained m the same variety 


Table LXIII. — Protein Content op Helped Strains ob' Minnesota. 13 and 

Crosses between Them 


Strain No. 

Average piotcin content 

1916 

1917 

1918 

1 

15 82 

14 03 

15 10 

4 

14 47 

13 OC 

14 93 

Nonnal No 13 


10 17 

10 25 

1 X 4 Fi Ear A 



12 25 

1 X 4: Fi Ear B 



12.44 

1 X 4: Fi Ear K 

1 

1 


12 81 


CHAPTP]R XVI 


MAIZE BREEPING 

A uniform technic has been developed for the breeder of self-fertilized 
small grain crops. Because of the self-pollination method of reproduction 
it is comparatively easy, by selection, to isolate homozygous lines which, 
if carefully handled, may be expected to remain relatively pure. Crosses 
between two or more varieties, for the purpose of combining within 
a single variety the desirable characters of the parents, have given 
favorable results. The obtaining of homozygous strains containing 
these desirable characters is a direct result of the application of 
Mendelian laws. 

With cross-fertilized crops it is not so easy to control the male parent- 
age and, for this reason, the improvement of this class of crops is more 
diflScult. Mass selection, individual-plant selection without control of 
pollination, partial control of pollination by elimination of undesirable 
plants, partial space isolation, F\ varietal crosses, and, more recently, 
the method of selection within self-fei*tilizGd lines and their recombination 
are some of the more important methods which have been used and are 
being used in com breeding. A somewhat complete review of previous 
studies with literature citations was made by Richey (1922). Selection 
on the basis of ear characters has been a common practice of the farmer 
and experimental breeder. 

Relation of Ear Characters to Yield. — Cora shows have accomplished 
much in teaching growers the characteristics of various standard varieties. 
They have, however, overemphasized the value of ear type as a means 
of corn improvement. Much work has been carried on with the view of 
determining the relation between various ear and plant characters and 
ability to give high yields. In general, no single character has been 
found to be so closely related with yielding ability as to be of much 
value from the standpoint of selection. Too close uniformity of type 
probably tends to reduce yield, for it has been learned that self-fertiliza- 
tion in corn causes a marked decrease in growth vigor as compared 
with cross-fertilization. 

For the purpose of illustrating the general nature of results in this 
field, the work of Williams and Welton (1916) in Ohio may be used. 
They compared the yields of ears selected on the hms of wide differences 
of type. In the majority of selection was continuous, i.e., long ears 

m 
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from the long strain and short ears from the short strain. Summarized 
results arc given in the following table: 


Table LXIV — Relation between Ear Characters and Yield 


Characiens worked with 

Length 
of test, 
years 

Differences in yield, 
bushels 

Long verstbs short ears 

10 

Long 1 89 

Cylindrical ver&ua tapering 

9 

Tapering 1 65 

Bare versibs filled tips 

8 

Filled 0 84 

Rough versus smooth dent 

7 

Smooth 1 70 

High versus low shelling ptTcontagf* 

6 

D)w 0 42 


These differences are very small considering that the yields obtained 
averaged between 60 and 70 bushels per aero. Although continuous 
selection isolated strains which differed considerably from each other, the 
yields were not markedly affected. The progressive change in shelling 
percentage of the progeny given in the following table, was most striking 
and illustrates how com may be modified by selection. 


Table LXV.— Hhellino Pbrcentaok as Aeebcted by Continhouh Selection 


Year 

Shelling percentages in crop harvcHted 

High 1 

1/)W 

1910 

B4 73 

88.07 

1911 

87.. 30 

84 GG 

1912 

85 34 

77 86 

1913 

87 09 

76 93 


The results presented in Table LXIV do not justify the belief that 
selection for ear type is a means of improving yield. Other experiments 
(Olson, et al., 1918) have given results of a similar nature. 

Eichey and Willier (1925) made a statistical study by moans of 
multiple correlation coefficients for the purpose of learning the possible 
relations between productiveness and some physical characteristics of 
the seed ears. It was concluded that from 2.5 to 6.7 per cent of the total 
variation in yielding ability in the ear-to-row plots was accounted for by 
the ear characters studied. Selection from among good seed ears on the 
basis of ear characters was not believed to be a desirable method of com 
breeding. It was pointed out, however, that selecting longer, heavier 
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ears with relatively few rows and wide, thick kernels was desirable as a 
means of obtaining good seed for general planting. 

Garrison and Richey (1925) made a study of the effects of continuous 
selection for ear type. Boone County White (C. I. 119) was used and 
selection made on the following basis: 


Strain No. 1- -Hough oars, 8 inches or more long, with 20 or more rows of pinched- 
dented kernels. 

Strain No. 2 — Hough ears, 8 inches or tnore long, with 10 rows of crease- to pinched- 
dented kernels. 

Strain No. 3— Smooth cars, 10 inches or more long, 20 or more rows of dimple- to 
slightly crease-dented kernels. 

Strain No. 4— Smooth ears, 10 inches or more long, with 11 rows of dimple-dented 
kernels. 

Strain No. f) — Smooth cars, 10 indies or more long, with 12 rows of dimpl(5-dentcd 
kernels. 

Strain No, 6— Smooth earn, any length, with 8 rows of diinple-dentcd kernels. 

This Ht.rain originated from a few 8-rowcd cars found among those 
in strains Nos. 4 and 5 in 1918. 


Mixed seed ffbm 50 or more ears was planted in a field or plot for each 
typo of selection and continuous selection practiced for 8 years. The plots 
wore isolated as much as possible and seed ears for the following year 
selected from interior rows only. Data were presented which proved 
that selection rapidly modified number of rows per ear. 

The following statements are taken from Bulletin 1341 of the United 
States Department of Agriculture: 

Without regard to the reason, it is evident that close selection to any type, as 
practiced in these experiments, resulted in decreased productiveness. The most 
productive strain, No. 4, the 14-rowed smooth selection, yielded 8.4 ± 0,20 per cent 
less than C. 1. No. 119, and the least productive, No. 3, the 20-rowed smooth selection, 
14.3 ± 0.19 per cent less. The lirowed smooth and 16-rowed rough selections, 
Nos. 4 and 2, were more productive and also departed less from the characteristic 
condition of the parent variety than the others. 

In their practical application the experiments indicate that a decrease in vigor 
and productiveness similar to that following inbreeding may result from too close 
selection for a particular kind of car. Carehil experiments have failed to demonstrate 
a marked consistent superiority for any specific kind of oar. Other exporiTnents have 
shown that the yields of crosses between varic^tios of com frequently are xnom produc- 
tive than the average of the parents, thus indicating that the parent varieties are too 
homozygous to permit maximum yields. Just what constitutes too close selection is 
not known. In view of the lack of evfdcnco in favor of any particular kind of ear 
and the abundant evidence of tho decreased yields that follow close breeding, how- 
ever, it seems host to stay on the safe side by avoiding such close selection. 

In view of the lack of evidence of marked consistent superiority for any particular 
kind of oar, it is unfortunate to teach that uniformity among the ears of a variety of 
com is desirable by attaching importance to uniformity of sample, as is done in com 
shows. 
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The studies of Hoffer, Holbert, and others have called attention to the 
stalk, ear, and root-rot diseases of corn. Certain investigators have 
shown that yield and freedom from disease are correlated In other cases 
the so-called root-rot diseases were apparently of less importance Winter 
(1925) has summarized several experiments and presents data to prove 
that '^careful ear selection eliminates to some extent the necessity of a 
germination tost 

Under certain conditions, selection of some particular ear character 
appears worth while. Thus Kiesselbach (1922) obtained some benefit 
from selection of long, slender, smooth-seed ears as compared with rough 
or with the original seed. It is doubtful, however, whether, under any 
circumstances, continued selection for any particular ear type is desirable. 
Selection in the field from vigorous healthy stalks appears a better pro- 
cedure than car selection and if long slender, smooth ears arc desirable, 
field selection will lead to the production of this type. 

Ear-to-row Breeding. — Corn is very largely cross-pollinated; there- 
fore, selection under normal conditions considers only thcj mother plant 
The ear-to-row method has been considered as the (puckest means of 
isolating an improved variety. It was first introduced by Hopkins (1899) 
at the Illinois Experiment Htation As East (1908) pointed out, the 
method has some difficulties which have been partly obviated by improve- 
ments in technic. The improvements consisted of replication; 
duplication of rows from the same car in different parts of the field and 
of an attempt to overcome the harmful effects of too close inbreeding. 
The method outlined by Williams (1905, 1907) was to plant one-half the 
seed of each ear that was used for the ear-to-row test. The remnants 
of those ears which excelled by the progeny test were planted and the 
progeny intercrossed. Another feature of Williams' plan was to influ- 
ence several breeders to work with the same variety. New l)lood was 
then introduced into the ear-to-row plot of each breeder cvciy fourth or 
fifth year from a grower who was using the same breeding method. The 
difficulties of the method are that a yearly plot is needed for the ear-to-row 
test, an isolated plot for the crossing of the remnants, a multiplication 
or seed plot, and the general field. Montgomery (1909) suggested a 
plan which obviates some of these difficulties. This plan is to grow an 
ear-to-row plot only once in several years, and in the intervening years 
use a bulk seed plot planted by the hill method, scdocting only from the 
vigorous stalks in perfect stand hills (see Uhap. XXI). A review of the 
literature on car-to-row breeding seems unnecessary ft seems sufficient 
here to point out that there arc no experiments which show conclusively 
that continued ear-to-row breeding may be expected to give a significantly 
higher yield than seed produced by the seed-plot method. Ear-to-row 
breeding with a variety that has not been systematically selected is 
doubtless the most rapid means available to the com farmer for the 
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isolation of better yielding hereditary combinations. As an illustration 
of the sort of results usually obtained, the results of a 5 years’ study as 
carried on at Nebraska Station (Kiesselbach, 1916) are given in the follow- 
ing table: 


Table LXVL — Effect op Ear-to-row Breebino on the Yield op Hogue's 
Yellow Dent, at the Nebraska vStation, 1911-1015 


Doscriptioii 


Yi(4d in bushels per a(iro 


1911 

1912 

1 1013 

1914 

1915 

Average 

Original Hogue's Yellow Dent 

42.6 

51.6 

9.S 

62. S 

79.5 

49.3 

Continuous oar-to-row selection 

44.0 

52.0 

7.7 

05.3 

76. S 

49.3 

Increase from single (^ar-to-row strain . 
Increase from composite', four ear-to- 

as. 2 

45.6 

7.3 

55.0 

7nM 

44.3 

row strains 

42.5 

54.6 

12.1 

63.5 

SO.O 

50.5 


These studies with Hogue’s Yellow Dent were started in 1902. 
This variety was selected because of its yielding ability as shown by 
varietal test. Apparently, no method of selection has given very strik- 
ingly beneficial results, . 

Studies of methods of selection with Rustler White Dent (Hayes and 
Alexander, 1924) were carried on in Minnesota. This variety was 
chosen for the study as it showed considerable deviation in ear type and 
as it had not been selected previously by the ear-to-row method. It had 
the advantage of being adapted to the climatic conditions of central 
Minnesota, which was necessary as the problem was planned as a means 
of learning how best to select seed of an adapted variety. 

The methods used in the Rustler selection test were as follows: as 
far as possible, the field in which each method of selection was carried 
on was separated from other fields of com. The selection was continu- 
ous from year to year. The selected seed, for the different methods, was 
stored in a comparable way, except as noted later, and only seed from 
ears which showed high germination ability by actual trial was used for 
planting. The comparable-yield trials for the different methods of 
selection were made on the same field. Three-row plots, each row 
approximately 36 hills long, were used. The central row was used for 
the yield comparison. Three systematically distributed plots were used 
for the yield comparison except in 1920 when four plots were used. The 
methods of selection were as follows: 

1. Selection of good ears at husking. Three seeds were planted in 
each hill and the com was cut and shocked when mature. Later in the 
fall the better-looking ears were thrown into a pile when the com Vv'as 
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husked and reserved for seed. This method was isolated from other 
cornfields. 

2 Selection during sced-com week^ from perfect stand hills and vigor- 
ous stalks. Only well-inatured ears were chosen but no close selection to 
ear type was made. The ears were stored immediately in a, well- venti- 
lated room, each ear having individual space for proper curing. The 
lower series on field X was used each year and similarly selected seed 
was used to plant the adjacent series on which silage com was grown 
This method was isolated from other methods. 

3. As in method 2, except that the selected stalks were shocked and 
the eai*s husked later in the fall. 

4. Selected as in method 3 in the field during seed-corn week. After 
huskmg, the ears were carefully examined for oar type. Only ears of 
high score-card type were used for planting the following year. Selec- 
tion was made for good butts, medium denting, straight rows, cylindi*ical 
ear, 14- to 16-rowed ears, and good ear length. Field f /, the manured half- 
acre, was used for this method through cooperation with the farm-crops 
section. Some cross-pollination may have occuitccI bfitweon th(i plants 
on this field and those in the ear-to-row plot, although the fields were a 
considerable distance apart. 

5. This is called '^Montgomery's method because the plan was 
suggested originally by Montgomery. It consists of an oar-to-row test 
the first year, followed by a mixture of seed of the remnants of the 25 
better yielding ears as determined by the car-to-row tost. Approxi- 
mately 100 ears were used for the original oar-to-row seIfKjtion. In 
subsequent years the method pui-sucd was similar to irK'.thod 3. By 
selecting from that part of the field which was the farthest from the oar- 
to-row plot, the isolation was fairly good. 

6. Williams' metho<l. The purpose of this plan is to isolate high- 
yielding cars by the ear-to-row plan, cross' the romnard-s of the three 
highest-yielding ears the following year, and multiply the cressets in a 
seed plot the following year, llio seed plot is considered the place to 
produce commercial seed. The ear to-row, the crossing, and f.he multi- 
plying plots arc used each year. The crossing and multiplication plots 
were well isolated from other cornfields. 

From Williams' plan two sorts of seed have boon used for the yield 
trials: (1) Fi crossed seed produced by crossing the remnants of the three 
higher-yielding ears, (2) increase plot so(^d obtained by planting F\ 
crossed seed. Field T was used for this increase through cooperation 
with the farm-crops section. 

Yield trials were made by the use of replicated plots. Kosults are 
presented in the following table: 

1 The period set by the Agricxiltural Ixtentiou Division for selection of seed under 
field conditions. 
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Table LXVIT. — Method op Selection op iSeed op Rustler Dent Corn in 

Relation to Yield 


Method of selection 


Yield ill hiishols per acre 


1920 

1921 

1922 

1923 

Average 

1. At liusking 

2. Perfect stand hills for yield, 

50.2 + 1.6 

64.1+1.3 

48.911.3 

54.911.9 

54.510.8 

seed stored nn mediately. . 
3. Perfect stand liills for yield, 

47. 9 ±1.5 

64.111.3 

49.211.3 

56,511.9 

oc 

o 

+l 

seed cured in shock 

4. As in method 3 in field, 
selection later for score- 

4<S.1±1.5 

63.7 + 1.3 

48.911.3 

56.511.9 

54.310.8 

card type 

46.0 + 1.4 

03.7 + 1.3 

47.211.2 

55.111.9 

53.210.7 

5. Montgomery’s method 

0. Williams’ m e t h o d , Fi 

49.5-11.5 

06.0 + 1.3 

49.5 + 1.3 

55.911 .9 

55.210.8 

crossed s<5(‘d 

7. Williams’ method, iner<‘ase 
plot . . . 

47.0 + 1,4 

0.').7 + 1.3 

00.9 + 1.2 

49.1 +1.3 

48.2 + 1 .2 

60.3 + 2.1 

52.3 + l.S 

55.510.8 


The differences are not very great although selection for score-card 
type of ear appeared to cause a slight reduction in yielding ability. By 
the “Student" method the chances are 37:1 that this reduction is 
significant. 

Smith and Brunson (1925), at Illinois, have studied the value of 
practical methods of corn breeding. In the studies of ear-to-row brood- 
ing, special precautions were taken to overcome the harmful effects of 
inbreeding. The conclusion is reached that mass selection was the most 
effective simple method of selecting com for yield and that ear-to-row 
breeding cannot be recommended as a means of increasing the yielding 
ability of a well-adapted variety. 

Home-grown Seed. — ^The value of using home-grown seed of a 
variety which has shown its yielding ability by competitive tost is well 
known to most corn growci-s. Nebraska results may again be used for 
illustrative purposes. 


Tabib LXVIII. — EifPECT OP Acclimatization on Corn 



Yield 

Character of seed 

in bushels 


per acre 

Show corn from Illinois, Indiana, and Ohio (5 varioiicB) 

39.8 

Seed from growers in state (5 varieties) 


local varieties near experiment station (7 varietiiis) ' 

43.8 
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The data presented in Table LXVIII show that home-grown seed 
usually yields better than seed brought from a distance. A system of 
broad breeding, the use of a high-yiclding, adapted variety, and the 
storage of the seed so that it wiH germinate vigorously are important 
practices which should be a part of each corn-breeder’s plap. 



Fkj 50. — Minn. No. 13 aelf-fcrtllissod hinh protedu Htrain Nf). 1. THih strain haw flark 
loaves, medium sized ours, and the tassels are somewhat s(;antily provided with ptillen 


Immediate Effect of Crossing on Size of Seed. — 'rho question of 
immediate effect of crossing on size of seed has received considerable 
attention, and Clarrier (1919) has considered this a main cause for the 
conflicting results of com experiments. He demonstrated the fact that 
mixtures of seed of different strains gave higher yields than seed of a 
single strain and explained the results on the basis of increased yield 
due to the increased weight of the endosperm of varietal crosses as com- 
pared with normally pollinated seeds within a variety. 
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Other investigations have partially supported Oarrier’s contentions. 
Studies of the effect of pollen of a different strain or variety on endosperm 
development arc given in the following table; 


Table LXJX,— lMMEt)iATio Kefbct op Pollination on Endosperm Wbiokt 


Num- 
ber of 
tests 

Nuinlmr iti 
which weight of 
crosMcd need 
OXOCCflH tli.Tt of 
iiornu'il n(‘c(l 

Nurri]>er in 
which wri^hf of 
norrnal h(‘C(I 
cxc(‘ciIh that (»f 
cnisscd 

Average per- 
centage of in- 
cr«‘UH<‘ due to 
immediate effect 
of for(*ign 
pollination 

Authority 

o 

f) 

0 

S.S 

C r) 1 1 i n H an d 
Kempton, 1013 

31 

23 

S 

2.8 

Wolf, lOlf) 

2 

2 

0 

10.2 

Jones, 1018 

7 

4 

3 

0.22 

KiesHcIbaeb, 1022 

4 

4 

U 

11.2 

Ki(‘HHelbaeh, 1022 


J I 


Method 


^^ixtu^o of pol- 
len of same and 
difTerent variety 
Mixture of pol- 
len of same and 
different variety 
Selfod strains and 
erossoa between 
them 

Hants of ordi- 
nary varieties 
Selfcd strains and 
crosses 


Those results show f.hat there was an immediate effect of pollen on the 
weight of the endosperm of crossed seed compared with that produced 
by intravarief,al pollination. In varietal tests, however, as conducted by 
the plot method, the di'grce of crossing between different varieties would 
not uauiilly bo over 50 per ccuit. Averaging the results of Wolf and of 
Collins and Kempton gives about 5 per cent increase duo to crossing. 
Ilcducing this by one-half gives an error in varietal tests of not more than 
2.5 per cent as a result of increased endosperm development due to the 
immcdifitc effect of foreign pollim. As the studies of Collinsand Kempton 
were made with widely different varieties, the results are probably some- 
what more striking than if more closely related forms had been used. 

Kiesselbach ( lf)22) observed only slight increases in weight of hybrid 
seeds of normal varieties. I'ho ilifferonces obtained by various investiga- 
tors apparently are correlated with the differences in the degree of 
heterozygosity of the varieties with which they worked. 

Pi Varietal Crosses.— The utilization of hybrids as a means of obtain- 
ing more vigorous typos was urged by BeaJ (1876-1882). Since then 
there has been freciuent mention of the vigor of Fi crosses, and Morrow 
and Gardner (1893, 1894) outlined a plan for the production of crossed 
com Bec<l. Renewed interest in this subject was aroused as a result of 
the publications of East (19086) and Shull (1908, 1909) on the effects of 
inbreeding and cross-breeding, and of Collins (1909, 1910) on the value of 
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first generation hybrids in corn. Many experiments m which first genera- 
tion crosses have been compared with their parents have been made 
In Table LXX only those varietal crosses are used in which the Fi has 
been compared with both parents. 

Some of the increases from these varietal crosses are very marked. 
•In other cases the Fx varietal hybrid is no more vigorous than the normal 
varieties. 

Similar crosses, as reported by Hayes and Olson (1919), were studied 
for the succeeding 5-y(^ar period, 1919 to 1923 (Hayes and Alexander, 
1924). During this latter period Minnesota 13, the male parent, was 



Fkk 51,-— Miim. No, 13 hipli protein strain No. 4. Short, orect. Htrain with liKht grtHOU 
loavos, Froclucos good oars. Tassels arc plentifully supplied with pfdlou, 

sGlecte<l on the basis of vigorous stalks in perfect-stand hills without selec- 
tion for ear type. Prior to this period this strain of Minnesota 1 3 bad been 
closely selected for car type. On the average, the Fi crosses during the 
last 5-ycar period yielded about the same as the average of the i)arcnts 
although certain crosses of an early flint and Minnesota 13 yielded as 
much as Minnesota 13 and matured earlier. 

Except for some special condition, it appears that F\ varietal crosses * 
are of no material value as a means of increasing yielding ability, pro- 
vided a broad method of breeding is used by the com bre^eder without 
too close selection to type* 

Recent Methods of Com Breeding* — The development of the practice 
of breeding cross-pollinated plants by some method of controlled pollina- 
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Number of crosses yielding less than better parent. 

K Average percentage increase or decrease as compared with better parent. 

^ Number of crosses exceeding yield of average of parents. 

. Number of cresses yielding less than average of parents. 

. Average percentage increase or decrease as compared with average of parents. 
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tion has been a gradual one. The method originated as a result of inten- 
sive studies of the effects of self-fertilization in cross-pollinated species 
and thi'oughoiit this study the work with corn has been of fundamental 
importance. The studies which were initiated over 15 years ago by 
Dr. E. M. East at the Connecticut Station by Dr. G. H. ShuU at Cold 
Spring Harbor, by various workers of the Bureau of Plant Industiy, and 
others, had as their aim the development of a more intensive knowledge of 
the physiology of inheritance of the com plant, with the belief that such 
studies were essential to the development of better methods of breeding. 
In 1910 Dr. Shull emphasized the value of isolating pure lines and of using 
Fi crosses between pure lines for maximum production. He makes the 
significant coiimiont: “1 feel quite sure that the results of such investiga^ 
tions will Icajl to some hybridization method in the breeding of this crop.” 

■ .The pypfioso of the newer methods is to enable the breeder to control 
the factors of inheritance. A brief summary of the main steps is given 
here. Numerous plants of a desirable adapted commercial variety are 
'self-polhnated. This is accomplished by covering the ear with a paper 
bag before the silks appear. The tassel is covered with a separate bag 
and after the silks are well out the iiollen is poured from the tassel bag over 
the silk. The ear is jirotcctcd from foreign pollen by again covering the 
ear shoot with the bag. The seed for each subseciiient generation is 
obtained by self-pollinating plants which seem desirable. Such self- 
fertilized linos rapidly become uniform and remain so as long as self- 
fertilization is continued. By the method used, undesirable germ plasm 
is eliminated and desirable germ plasm made known. No sclfed strains 
have been obtained which arc as vigorous as normal varieties. Belfed 
strains differ widely from each other. Some of the more important 
differences are: 

1. llesistanco or susceptibility to ear, sf.alk, and root rol.s and to smut.' 

2. Height of plant, length, shape of oar, and ear production per plant. 

3. Size of seed. 

4. Strength of stalk and non-lodging ability. 

6. The number and sort of striking abnormalities present. 

This method allows the breeder to discard strains wliich arc highly 
inferior. The best-appearing strains which approach homozygosity are 
selected for further breeding operations. These can be selected after 
the strains have been selfed for four or more generations. 

There are various questions regarding methods of work which are 
unanswered. It is generally recognized that the importance of obtaining 
the best possible selfed linos warrants extensive studios. Whether or not 
larger numbers of original selfed linos should be used or smaller numbers 
with more extensive selection within each line is not yet known. It also 

* See Jones, 1018; Holbert and others, 1924, Garbor and Quisoiiborry, 1926; Hayes 
and others, 1924; and linmor and Christensen, 1920. 
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appears probable that better selfed lines can be obtained by crosses of 
existing lines or from the bettor hybrids of selfed lines with the view of 
combining within a single line the desirable characters of two or more lines 
(see Jones and Mangelsdorf, 1925; Kyle and Stoneberg, 1925; Hayes, 
1926; Richey and Mayer, 1925). After obtaining selfed lines the more 
promising are used in making F] crosses or in developing improved varie- 
ties, Three general methods of using selfed lines are being tried out. 



Fig. 62. — Fi cross of Minn. selMortilizod strains No. 1 X No, 4. 


These are: (1) single crosses, (2) double crosses, and (3) synthetic recom- 
bination of several selfed strains. 

In the single-cross plan, two selfed strains are crossed and the Fi grown 
as the commercial crop. Certain difficulties are involved in this. The 
low yield of seed which is usually obtained from closely inbred lines will 
result in increased cost of seed prpduction. In many inbred lines the 
size of seed is smaller than that of the commercial variety from which the 
inbred line was obtained. This results in some handicap for the young 
plant when single crosses are used for the commercial crop. With the 
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production of better selfed strains, it is possible that single crosses may 
prove more feasible. 

The double-cross plan, outlined by Jones (1920), overcomes some of 
these difficulties, although, instead of making one cross to obtain commer- 
cial seed, three crosses must be made. A double cross is a first-generation 
cross between two single crosses. Four sclfed strains which combine well 
together arc used. The double-cross plan has the advantage that vigor- 
ous Fi crosses are used as parents. The variability of the individual 
plants of a double cross will be greater than in a single cross. This will 
result in a prolonged period of pollination which, under certain environ- 
mental conditions, is an advantage. 

If either the single- or double-cross plan is used, Fi seed must be 
produced each year, as the selection of seed from F i crosses leads to marked 
reductions in yielding ability in later generations. 

The production of improved varieties synthetically, by a cross of 
several selfed linos and subsequent selection, aims at the improvement of 
the variety without the necessity of making an Fi cross each year. It 
appeal's probable, however, that, it will be very difficult to obtain a variety 
which will be as vigorous as certain Fj crosses. When a single character, 
such as disease resistance, is of outstanding impoitauce, the plan appears 
a very desirable one. 

There is also the possibility that Fi crosses of synthetic varieties can 
be used, providing the F| cross proves to be the general method which is 
adopted for seed production. 

Single and Double Crosses of Selfed Lines. — double cross, known 
as Burr-Loamiug, has received wide publicity because of its yielding 
ability. This double cross was compared by Jones with the five highest- 
yielding varieties which were obtained after extensive studios of com 
varieties in Connecticut (Table LXXI). The average increase in bushels 
of ear corn of the Burr-Learning over the average of the five varieties 
was 27.1 per cent for a 5-yoar period. 

Table LXXI. — A Comparison op the Ytelws in Bushels per Acre Obtained prom 

TUE DoUBLM-OBOSS BuitlirLwAMINO, WITH TUB AveRAOB YIELDS OBTAINED 

PROM THE I’lVE Hkiueht-'s lELDiNO Vaiubtiek (fJowit'clicut Etotion, after 

Jon.e«) 



Yciar grown 


VaricjtioB comparod 

1918 

bushels 

1910 

buehelH 

H)20 

biishols 

1921 

1922 

busiiols 

Average 

I>3uble-cro$s Burr-Leam- 

iafif 

116 

88 ! 

65 

95 

63 

83,4 

Average of five higliOHt- 

yielding viirieiic« 

Average incrciise, 27A. , . , 

82 

64 

47 

HI 

f54 

66,6 
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Extensive studies are now under way at Connecticut Station in which 
selfed lines from the better Connecticut varieties are being used. One 
double cross, studied in 1924 by Jones, indicates that large increases in 
yields may be expected (Table LXXII). 

In this case, an Ei cross of two inbred Century Dent strains was crossed 
reciprocally with an Fi of two Learning strains and the yields of the double 
crosses wore compared with those obtained from Century Dent and 
Learning. These studies are of interest, for Century Dent and Learning 
are two of the best Connecticut varieties. The double cross, Century 
Fi X Learning Fi, exceeded the higher-yielding variety by 21.6 per cent 
and the reciprocal yielded 37.4 per cent more than the higher-yielding 
variety. 

Tabi.b LXXII. — A Comparison op the Yields in Bushels per Acre from Century 
Dent, Beardsley’s Leamincj, and a Double Cross Obtained prom Two 
Inbred Strains op Century Dent by Two Inbred Strains op Lbamino 
{(^onwcHput Station, after Jmies' 1024 reevlle) 


Ynriety or cross 

Plot 1, 
bushels 

Plot 2, 
bushcl.s 

Avcnige, 

bushels 

Percentage 
yield, 
Clcntury 
as 100 

CjCnturv * 

46.6 

50.6 

48.6 

100.0 

Trf'n.TYiitifiT 

36.1 

51.1 

43.6 

* S9.7 

nDTif.nTv 1^1 Ft . . . . 

63.1 

70.6 

66.8 

137.4 

Fi V Oeiiturv Ft. 

51.1 

67.1 

59.1 

121.6 






Several years ago, Richey reported the production of a high-yielding 
Fi hybrid of Whatley X St. Charles White which appeared superior to 
any commercial variety grown in the region in which the study was made, 
Selfed lines wore isolated from the Fz generation and selections made within 
these lines for 6 years. Crosses between these selfed lines were grown at 
KnoxviUe, Tenn., in 1922 and 1923. The studies were made by the hill- 
check plan. Certain crosses were of much promise, while others were of 
little value. This brings out the fact, recognized by most invastigators 
of modem methods of corn breeding, that the present-day methods 
are primarily those of controlled selection. The combination of selfed 
lines which together contain the greatest number of favorable growth 
factors is the ultimate aim. Three of the better-producing crosses 
reported by Richey and Mayer averaged 30 per cent higher in yield than 

the parent variety. , _ 

Extensive studies are being carried on in Nebraska by Kiessclbach 
(1922) . The results of a 4-year trial of several single crosses in comparison 
with the original variety have been reported (Table LXXIII). ITie 
highest-yielding cross produced 53.2 bushels as an average for the 4 years, 
while the original variety averaged 41.2 bushels. This cross exceeded 
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the yield of the original variety each of the 4 years, although in 1 year the 
difference was well within the limits of experimental error The eight 
crosses for which data are presented exceeded the original variety in 
bushels of shelled com by an average of 17.2 per cent. In Nebraska, 
selfed strains with low leaf area jdelded more than strains with high leaf 
area and crosses between strains with low leaf area were the most 
promising. 


Table LXXIII — Compabkon of Yields in Bushels pee Acre of Fi Crosses 
BETWEEN Selfed Strains with the Oriuinal Variety from Which the 
Selfed Lines Were Obtained (Nehia^hi Station, aftci Kiooielbach, 1922) 



Bushels poi aerc 

^ of shelled ( 

iorii 


Cross or viiiu^ty 

1913 

1915 

1916 

1917 


4 X 12 

22 0 

61 9 

38 8 

60 G 

45 8 

4 X 1 

26 8 

64 8 

53 2 

41 6 

46 6 

12 X 5 

22 S 

69 5 

44 6 

48 5 

46 4 

8X2 

20 1 

71 3 

06 2 

51 9 

52 4 

12 X 2 

21 0 

73 6 

58 0 

59 4 

53 2 

10 X 12 

22 7 

57 9 

51 5 

53 6 

46 4 

10 X 5 

21 2 

61 0 

43 3 

51 0 

44 0 

Average.. 

23 3 

66 9 

51 7 

59 3 

48 3 

Original 

11 1 

73 1 

34 5 

•46 0 

41 2 


Results of corn-yield contests conducted by the Iowa C’>om and Small 
drain Growers’ Association in 1924 have aided materially m proving the 
high-yielding ability of certain crosses. The data hero summanzed wore 
taken from the report of the 1924 tests. H. A. Wallace, an enthusiastic 
supporter of the modem methods of com breeding, has furnished data 
regarding these contests and other studios which he is conducting The 
results of the contest in 1924 for the South Central Section, where several 
crosses were entered, arc summarized in the following table: 


Table LX XIV.— Yields in Buhiielh per Acre of Winners and Hoiirce of Heed 
IN 1924 {Data from loim (Uirn-yvU (Umlests, Hwmmnmi hi/ WaUace) 


OrosH <ir variety 


Cross of inbred strains, U. H. D. A 

Cross of inlncd strains of Wallaco •• • 

A cross of two strains of Leaining 

lAMinimg 1-6 X Illinois Ixiw Protein 

ChincKO Bloody Butclior inbred strain X Illinois Low Protoin 

C-omnicroial Reid’s Yellow, llighost yicldcr 

Average yield of four orossos, inbiud strains involved 

Reid’s Yellow Dent, average yield of 34 strains 


riae<^ 

taken 

Yield in 
bushels 


51 3 

Soeoncl 

45 1 

Third 

41.2 

Fourtli 

40 3 

Fifth 

40.2 

^ , 

39.1 


44.2 

.... 

34.5 
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The five highest-yielding sorts were crosses and, in four cases, an 
inbred strain was used as one or both of the parents. The highest yield, 
51.3 bushels per acre, was obtained from a cross entered by the United 
States Departnumt of Agriculture, while the highest-yielding commercial 
variety, a strain of Reid’s Yc^llow Dent, produced 39.1 bushels per acre. 
The averages yiedd of four crosses in which inbred strains were involved 
was 44.2 busluds, while tlie average yield of the 34 strains of Reid’s Yellow 
Dent entered in the contest was 34.5 bushels. Mr. Wallace is conducting 
extensive tests at. Ames in cooperation with H. D. Hughes and reports 
that mah}^ of thes<^ crosses have yielded much more than the standard 
variety with which they have been compared. 

Professor Hughes’ made the following statement in a recent letter; 

From the i‘(‘sults sce.un^d thus far, it is entirely evident that decidedly better 
yields can so<nin‘d from hybridizing jiiire lines than can be had from the best 
standard varkiti(‘S of whi(h we know. The data would also indicate that exten- 
sive ear-row huxuling vviili sti]>seqiient crossing of the best lines even when car- 
ried through a long ))(‘riod of y(‘.ars cannot he expected to give the results to be 
had from tln‘. ])ro<luction of ])ur(j liiuis and the use of F\ seed. 

drosses in which stdfcMl vstrains wm^ used have been grown at Univer- 
sity Farm, St. Paul, Minn., for sevi^.ral years. Rather extensive field-plot 
trials of double cross(^s were made in 1924 and 1925. During these two 
seasons th(^ self<nl lin(\s us(kI w<ire isolated previously from standard 
high-yielding Minmisota varieties. Two such varieties recogni:5ed as 
standard for (uuitrul Miniu^sota (Minn. 13) and Rustler White Dent, 
have be<m grown at; irnivcrsity l<'arm for many years, the seed being 
selected in the fndd from i)erfect-stand hills and from vigorous healthy 
stalks. ( 3<)S(^ s<d(Kd.ion io S(^or(M5ard type of ear has not been practiced in 
rcc<^nt y<'.ars. vSecnl for thn^e other varieties has been purchased yearly 
from Norihrup King SochI ( k>mpany and represents the better selections 
for thes<i! yari(diies. 

The selfi^l stniins used for the crosses wore picked out on the basis 
of yield aTul tlm abseTK^e of striking abnormalities. Each Fi cross was 
madti by crossing i.wo selfed strains within a variety which appeared 
unlike (uudi olhox and tlu^ (knible crosses of these crosses were made at 
random. It. is ree()gni 55 (Hl that it would bci nmro desirable to determine 
the straixm which woxild combine to produce the bettor-yielding crosses; 
this method is being tried out. In the meantime, however, it appeared of 
interest to m' what the results would bo from combining on the basis of 
observabkj <4iaract(u*s alone. The results for the two crop seasons are 
prcsexite<l in "liable LX XV. 

In 1924, of a total of 21 doiihlo crosses tested, 3 yielded less than the 
higher-yielding eotnmorcial variety. One double cross exceeded the 
of Nov, 1025, from FrofewHor Hughcis to the writer. 
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better commercial variety by 30 per cent. The seven double crosses, 
in which dent inbred strains wei’e used, yielded 13 per cent iiiorc on the 
average than the better variety, while 12 fimt-dent crosses averaged 9 
per cent more than the better variety. Of two flint double crosses one 
gave a low yield and the oilier yielded rather well The results in 1925 
were similar and certainly indicate that double crosses in which desirable- 
appearing selfed lines are used may be expected to yield more than the 
present standard varieties. 

Table LXXV — Percentage Yield op Double Crosses Obtained by Crossing 
Fi Crosses between Helped Lines Where 100 Is Taken as the Yield op the 
HuiiiER-viELDiNa Htandabi) VARIETY (Uiirn'tstti/ Farm, Et Paul, Mum , 

1024-1025) 


(JroHScs, 1024 

« 

Fer(;ontaf»o yield clasHOs 

Niun- 

l)cr 

of 

ciossos 

Average 

pc^ieent- 

age 

yield 

70 

95 

100 

105 

! 

110 

115 

120 

125 

130 

Dont crosHos 






B 

B 


B 

7 

113 3 

FUut-d(‘Ut. CTORHCS.. . .. 






3 

Bl 


■1 

12 


Flint crojdKcs 



1 




B 


■ 

2 

05 5 


Croasos, 1925 

Percentage* yield classes 

Nuin- 

})er 

of 

(crosses 

Average 

porcent- 

age 

yield 

85 

90 

95 

100 j 

106 

110 

115 

120 

125 ' 

130 

Dent crossoH, . . . 



1 

2 

1 

1 

1 

2 

■ 

B 

9 

110.1 

Flint-dont crossoK 

. 

, , 


1 

1 

. 

1 

, , 


1 . 

3 


Flint crossoH. . . 

1 


1 


•• 


2 

1 

■ 

B 

5 

105 5 


Synthetic Combination of Several Selfed Lines. — The production of 
improved varieties through the recombination of sev'eral selfed strains 
has one advantage over either the single- or double-cross plan in that 
the fanner can save his own seed from the yearly crop and that yearly 
crosses need not be made. Little data regarding the value of tliis method 
are available. 

At University Farm several recombinations of selfed strains within a 
variety were made in 1 923 and the Fi recombinations were compared with 
commercial varieties in 1925. 

The methods used were as follows: Selfed strains were selected which 
appeared superior to the average and which were free from striking 
abnormalities. The recombination of selfed strains was obtained by 
pollinating several plants of each strain of a variety with a mixture of 
pollen from other strains of the same variety. An equal number of seeds 
from each such cross of each strain was bulked and planted the following 












MAIZm BREEDING 


293 


year. Seed for later generations within each recombination was obtained 
by pollinating 50 plants with a mixture of pollen of 50 other plants. 
The same results could be obtained by mixing seed of all selfed strains to 
be used and by planting them in an isolated plot. Several years would be 
neccssaiy to obtain thorough recombination. The comparisons of 
yielding ability of the standard varieties and of the recombinations 
are given in the following table. According to genetic theory, yields in 
later segregating generations should be as good as in F^. 


Vauikthor (Unwersitij Fami^ St. 

Paul, Minn., 1925) 



Strains used for 

1 ecombm tition 

Yield 

Per cent 


i 

bushels 

increase 

Viiriot.y 



per 

or 


y ears 

Number 

acre ‘ 

decrease 


selfed 




Minn. 13 




51.3 


Minn. 13 rcnoinbiniition 

1 






3 


i 

45.3 

- 11.7 


8 

1 

I 



U.ustlor 



44.8 


Kustlnr F>i rocoml)ination 

1 

ZA 





2 

7 


47.5 

+ 6.0 


3 

5 





4 

3 , 




Northwestern Dent 




51.9 


Northwestern Dent F 2 recoinbintition 

1 

2 

i 

60.5 

■+•16.6 


3 

8, 

1 



King Phillip 



40.3 

+ 7.4 

Kinf!; Phillip F 2 recombination 

3 

11 

43 .3 

.to n 

Ijongfellow 



4:0 .9 

Q 

Jjongfellow F^i re<^oinl>ination 

3 

8 

40,1 

— ^ 


p’or the five comparisons there were three Fi recombination families 
which yielded more than the standard variety and two which yielded less. 
The Northwestern Dent Fa recombination yielded 16.6 per cent more than 
commercial Northwestern Dent and appeared superior to Northwestern 
Dent in the field. 

It is recognized that, before recombining selfed Imes for the purpose 
of producing improved varieties, it is necessary to determine the yielding 
ability of all Fj combinations. Selfed lines which combine favorably with 
all others that are to bo used should then be used for the recombinations. 

What art the Possibilities of the Newer Methods?— Further exten- 
sive studies are necessary and are being conducted cooperatively by the 
Corn Belt stations and in other sections. A comprehensive plan of 
com improvement has been drawn up with the view of further intensive 
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study of the physiology and genetics of the corn plant By the applica- 
tion of such knowledge it should be possible to produce results which by 
the older methods could not be obtained. Harmful diseases such as root, 
ear, and stalk rots and smut can be controlled by producing resistant 
varieties Considerable data arc available to prove that selfed lines 



Fig 5.3. — Avenifio yields of 4 self-fertilized oorn stniins above, Fi croswis in the center; 
the double cross below {Aftor Jonch ) 

and hybrids differ markedly in their reaction to particular conditions 
(Dickson and Holbert, 1926; Hoffer, 1926; Kiesselbach, 1926). The 
production of varieties or hybrids which excel in particular characters 
and which arc adapted to particular soil and climatic conditions will 
result from a knowledge of the maimer of reaction of solfcd lines to partic- 
ular conditions. 


CHAPTER XVII 


GRASSES, CLOVER, AND ALFALFA 

The importance of hay crops in the world’s agriculture makes desirable 
their consideration from the standpoint of improvement by breeding. 
Grasses, clover, and alfalfa differ strikingly in amount of seed set when 
artificially self-pollinated (see Chap. V). Red clover {TrifoUum prateme) 
is rather highly self-sterile; white clover (Trifolium repens) sets few seeds 
when protected from insect pollination; timothy (Phleum pratense) 
contains both self-sterile and self-fertile lines; and brome grass (Bromus 
inerinis) under a bag sets seed abundantly. Although common alfalfa 
(Medicago saliva) and yellow alfalfa (M. falcata) cross freely, seed of 
either may be produced by selfing. Enough examples have been cited 
to show that there are not only differences in the modes of pollination in 
the three mentioned classes of hay crops but also differences within each 
class. Carefully controlled experiments with grasses to determine the 
percentage of naturally crossed and naturally self-fertilized seed are very 
limited. When self-sterility is not a limiting factor, the methods of 
breeding all these crops are essentially alike. The ease with which some 
of them may be clonally reproduced has led to slight modifications in 
breeding technic. In the following brief discussion, the aim has been 
to choose a few examples rather than to enter into an exhaustive treat- 
ment of the entire field. 


GRASSES 

Timothy ranks far ahead of the other grasses in importance. Some 
of the other hay grasses which may be mentioned are orchard grass 
(Daetylis glorneraia), tall oat-grass (Arrhenatherum elaliHs), and brome 
grass (Bromus imrmis). These three grasses are adapted to certain 
conditions l)etter than timothy is. Some important pasture grasses are 
Kentucky bluegrass (Boa 'imaUmsis), Canada bluegrass (JPoa compressa), 
and redtop (Agroslis aU)a). 

The variability (sec Fig. 54) of each of the different species of grasses 
presents a wealth of material for breeding purposes. Moreover, the 
fact that many of them may be conveniently propagated as clones 
facilitates a study of the value of individual plant selections. The 
hereditary constancy of forms so isolated may be tested by selfing or by 
adopting methods which insure close breeding, 
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Breeding Timothy. — The United States Dopartiricmt of Agriculture 
has carried on extensive experiments in timothy breeding at Now London 
and North Kidgeville, Ohio. As a result of breeding, two improved 
varieties have been widely distributed through the Ohio Experiment 
Station, The Cornell and Svalof Expeiiiuent Stations have donci con- 
siderable timothy breeding 



Fia. — Individusil Umothy plants grown under like oondiUonfl. The upper plants 
arc tindchirablo, one having weak stoma ainl the other hulking vigor. Tito lower i»lantH aio 
more doairablG. They difTcr in d(>uHi1 y of plant and numltcr of ctuhna. {(Unirtvsy of M yvi a.) 

Webber d ah (1912) published a detailed report of the (jxperiinents as 
carried on at (brnelL Samples of timothy sec^d were procured from 
various sources in the United States, C-anada, and other countries. This 
seed produced an abundance of different forms from which selections 

Fia. 55. — PlowcrH of timothy. 

1. Spike, 

2. Florotr-<i, author; 6, ainmoufc; c, bran(!h<wl atigina; d, stylo; «, ovary; /, out<*r gluino. 

3. Outer glumo. 

4. a, foaihory stigma; 6, stylo; c, ovary. 

5. Spike] ot showing p^loa; 6, floral glume. (A/u^r Real after Trinlm and Scribner,) 

Sizo: 1, Hnj 2, 80w/ 3, 4, 3, greatly enlargod. 
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W 0 rc instcl©, Individiml pljiiits w6rG sclcctBd on th.6 b&sis of the following 
characters: 

1. High-yielclinp; ability 

2. Height 

3 Broad and thick plant, s, which htool abiinclantly. 

4. Many and doiiso cuJin.s 

5. Erect, non-lodging phiiitK. 

6. Many laigc loaves 

7. Leaves extending well toward the top of the plant 

8. Leaves tcmaimng green until plant is neailv leady to harvest. 

9. Rust resistaneo 

10. Spikes of medium suse, setting s<'(h 1 freely. 

The ultimate aim was to produce a htgh-yiokling variety. ^ A selected 
plant was dug up and vcgetatively propagated by separating bulblets 
from it. The bulblets wore set out in rows (1 6 to 24 per row ) and allowed 
plenty of space for individual dcvelojmient. Self-fertilized seed from 
those various clones was planted in sterilized soil and the seedlings were 
transplanted in rows as above. By a comparison of these rows and the 
respective clones from which they came it was found whether they were 
breeding true for the characters desired. When sufficient seed was 
available, plots wore sown broadcast and yields obtained. As soon as a 
form appeared valuable and bred comparatively true, it was isolated and 
increased. 

According to Webber, self-fertilized seed may be produced by placing 
several spikes of the same plant, just before blooming, under a paper bag. 
Another method is sometimes used in clonally propagated rows Each 
row is surrounded by a fence about 10 feet high made of finely woven 
cloth. This method does not prevent some cross-pollination but it does 
bring about a high degree of inbreeding. ' A tall growing crop, such as 
rye, surrounding isolated plots prevents pollination with undesirable 
strains or varieties. 

Witte (1922) obtained seed from timothy spikes isolated under 
parchment bags. At the Minnesota Experiment Station considerable 
variation in amount of seed set among self-pollinated plani.s was found. 
That this variation had a genetic basis was shown by the high correla- 
tion (r = 4-0.820 ± 0 033) obtained between the amount of selfed seed 
set on individual plants in 1923 and the amount of selfed seed act on 
several plants of the respective progenies grown in 192*1 

It has been pointed out by Ilayos and (Hark (1925) and by Mcllostie 
(1924) that self-fertilization in timothy docs not lead to as great a reduc- 
tion in vigor as has been observed in maize. Some selfed lines yielded 
loss and others considerably more than the average of the commercial 
variety. Abnormalities have been reported among the progeny of setf- 
fertilizcd individuals and, therefore, it seems that self-fertilization in 
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timothy as in corn is a logical means of eliminating undesirable characters 
and obtaining strains which excel in such important characters as yielding 
ability and disease resistance. 

As would be expected in dealing with a heterozygous crop, the self- 
fertilized seed of isolated clones produce plants which show considerable 
difference in their inheritance. Some clones breed fairly true when 
reproduced by selfed seed, others do not. The following table, taken 
from Webber e& al. (1912), illustrates the transmission of yielding ability 
in some clones. 


Table LXXVII. — ^Tuansmission of Yield in Timothy by Clonal and Seed 

PUOBAOATIOK 


Numl)cr of 
original 

Plot No. 

Av<irag<‘ yi(‘lfl por plant 
of niothor ])y clonal 

i 

Plot No. 

Av(‘ragf‘ yiolcl ptsr plant 
of progeny by »olf- 

plant 


proptigaiion, ounc,(‘f 4 


f(^riilizo<l Koocl propaga- 
tifHi, ounces 


i<‘.k ling I *1}U i1 h 


12.07 

1,797 

i.oor) 

3,216 

2.121 

9.03 

1,713 

1 .830 

3,109 

3.364 

104.30 

1,794 

1.0S2 

3,213 

4.071 

191,19 

1 ,786 

2.283 

3, M2 

3. M3 

811.02 

1,728 

2.5*12 

3,166 

1 .925 

128.19 

1,709 

2. *162 

3,217 

0.966 

211.31 

1,792 

2.806 

3,211 

1 .905 

212.36 

1,653 

2.811 

3, M3 

4. MO 

8.04 

3,011 

2.941 

1 ,959 

3.714 

107,30 

3,033 

3.158 

1 ,960 

1 .182 


fh‘uvy--yi<?l(iiiig PIiintK 


271.26 

1,660 

13.521 

3,152 : 

a. 455 

887.10 

1,620 

V%7Ki 

l,«or> 

7.000 

87.'5..30 

1,752 

13.811 

.3,182 

7.015 

224.15 

1,019 

14.133 

1 ,904 

9.000 

860.30 

1,744 

14.f)17 

1 ,934 

7.63(5 

820.27 

1^740 

15.587 

3,206 

10.8*14 

860.25 

1,743 

15.970 

1 ,931 

9.428 

889.31 

3,189 

16,000 

3,190 

9.043 

245.28 

1,796 

16.308 

3,215 

9.457 

37.31 

1,630 

1 ' 

20.274 

3,122 

7.636 


The practical results which have boon attained by this method of 
breeding arc brought out ib the following table, also taken fronj Webber 
et al. 



BREEDING CROP PLANTS 

T.\BLB IjXXVITI.— Summary, Showing Yieud of Fiebd-duy FIay 



Yield lu 

pounds per atue 


1910 

1911 

Aveiago yiehl of 17 now vanotios 

AveragG yioUl of 7 oliocks 

Actual average in<‘r(*as«‘ 

7,47)1 

6,600 

851 

7,153 

4,091 

3,062 


The season of 1911 was particularly unfavorable for the growth of 
timothy. The new varieties gave a greater increase that year than in 
the preceding and more favorable one. Webber et al. attribute thi.s 
difference partly to the rust resistance of the new strains. 



BO —View of voKotativoly propaRivtod row plots of timothy. Each plot is propa- 
natod from a sinnio, oriBinol plant. Note that the two central plots aro_ comparatively late 
in. maturity; friso nol^ diffoironoes botwoon two strains, ono having cro<5t culms and 

heads, the other hnvinn Bomowhat siiroadinR culms and lonn, loose heads (CoitrffiM/ of 
Piper.) 


The method of breeding timothy at Svalbf as reported by Witte (1919) 
is not essentially different from that practiced at Cornell. Individual- 
plant selections are vogotativcly propagated in plots isolated ^ much as 
possible. Seeds produced by the better clones are planted in varietal 
plots for comparison. The best commercial varieties axe also grown for 
comparison. When a new variety proves superior and has practical 
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iiniforniity, it is incroasod and distributed on a larp;o scale. A conipai'ison 
of ordinary timothy and two improved forms flislributed by the Hvaldf 
Station is shown in the followinp; table (Witte, 1019,): 

Tablk LXXIX.— Vikli) of Diffiohkxt Vafiiftiks (»f Timothy in Tjuals atSvalof, 

1009- mix 


K^lo^•ran^rt of /'roan foddor ])or liocdira 


Vfirii'ty 

Firsi y<*:j r*h ! 

S«H‘oii(l y/'urV 
lay 

Tot Ml 

per 

fonipiirod t<) 

nnlinory Swfdish 
tjiriotliy 

1 ’ ’ 

Svalof’s Glorin. 

1 1 .-IS 

WAYA 

! 2ri.r,i 

j 120. (i 

Sviilof’s Primus 

i:M(> 

10 21 

1 

j 11 1.0 

Ordiiuiry SwcmUsIi 

1 1 .57 

0.50 

; 21. ii; 

j loo.o 


Timothy, lik<^ many oUkh* jf?rasses, is siistu^jitibh^ t.o a rusl. (Pac.rlma 
graminu). It luis already been nKOitiomdl ihat in nuikin^ sekictions 
at the Cornell Station some attention wns ^’iv(m‘ lo r(\sist.anc(^ io this 
fungus. Eleven of tlic betUu’ (’ornell selections liav(^ ho(‘n tested for 
rust resistance (Hayes and Stakman, 1919). Tlu^ n^lalion of otlun* 
characters to resistance was also stinliful. 3'he rust classfss an^: ,1, no 
rust; 2, slight infection; 3, modcM’ale iideclion; and 4, heavily rusted. 
Average eroctness is takem with I as a basis of an erecd/ plant and 10 a 
procumbent one. Table I^XXX pr(*s(mts tlu^ data. 

From the table it is apparemt that the ( kirmT sele<dd'ons possess a 
high degree of resistance'. Helativc'ly f(‘W plants ar(^ fouml in rust cluss(^s 
3 and 4. The Mimuisota s(‘hu^Hons show the nw(d’S(^ condition, ij\, 
most of the plants ar(^ found in cltusscis 3 and *1. Th<‘S('- facts show that a 

variety of rust-resisl.ant timothy may b<^ isolated. 

In a later investigation, Bark('r and llaycjs (1024) obtained evidence 
that resistance to rust in timothy was transmitted as a dominant 
character d(jpondent on a single-hictor diff(nim<?<‘. for its Cixpn^ssion. No 
evidence of the existence^ of more than one biologic form of J\ graminu 
phlmprakmiH was fotmd. 

Timothy breeding may bo bricifiy summarii5od as follows: 

1, Individual plants propagated v(^g(4/ativ(ily in !*<jws. Bulbl<^ts are 
placed far enough apart in the row to give ample rof)m for individual 
dtjveloprnent. 

2. The clones produced in 1 are closely inbred or S(ied is saved from 
vegetatively multiplied plants in isolated plots. By planting the fteo<i 
so produced clones are tested for transinissiOn of the desired characters 
and also for uniformity. 
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3. When sufficient seed is available, plots are sown broadcast and 
tests for yield arc obtained under ordinary field coiuhtions. 

4. A selection which has shown performance ability is increased in 
isolated plots and distributed to the farmers 

It appeal's very probable that controlled self-pollination with 
selection in selfod linos is a valuable method to use in breeding timothy. 


Table LXXX — Uvst ItKsihTVNCH m Timothy in Rel.ytion to Othkh (Iiiahactkks 
AS Shown by Variou.s Data 
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2 
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88 
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77 

26 

3 

2 
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88 
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79 

15 

9 

2 
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85 
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61 

14 

9 

3 
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85 
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56 

13 

13 

5 

* 
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89 
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Cornell 1,676 

87 

10 

3 

6 
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0 9 
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87 
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86 

12 

9 

6 
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88 
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11 

6 


1 1 
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86 

98 
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12 

7 
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1 0 
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84 
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30 

0 

4 

0 

1 2 

0 9 

5 7 

11 5 

83 
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Cornell 3,230 

32 

5 

5 

0 
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0 0 

3 1 

12 9 

86 
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TI. B. Dept Bel. 1 . 

2 

12 

70 

40 

3 2 

0.6 

2.6 

13 0 

91 

64 

IT B Dept. B(‘l. 2 

4 

4 

19 

13 

3 0 

0 8 

3 3 

10 9 

87 

90 

(F B. Dept. Bel. 3 . 

ol 

7 

15 

9 

3.1 

0.8 

2 8 

13.3 

92 

72 

L L. May Bel. 1 . . 

2 

3 

21 

15 

3.2 

t) 6 

2 3 

12 4 

86 

70 

L L. May Bel. 2 

8 

5 

25 

6 

2 7 

0.6 

3 1 

10 1 

80 

92 

Griggs Bros. Bel. 1 . . 

1 

1 

15 

5 

3.1 

0 7 

3 0 

12.8 

86 i 

91 


Brome Grass. — Brome grass is a valuable hay and pasture plant, 
particularly in regions where the rainfall is limited and where cool weather 
prevails during the growing season. Waldron (1921«, h) has pointed 
out that clonal linos of liromm imnnis differ strikingly with regard to 
yield and percentage of protein. One of the high-yielding strains pro- 
duced three times as much protein per acre as one of the low-yielding 
strains. Some positive correlation was obtained between percentage of 
protein and yield. 

As brome grass produces seed abundantly under controlled, self- 
pollination conditions, it appears that selection in .self-fertilized lines is a 
desirable method of breeding. 


CLOVERS 

The importance of clovers as forage crops and their r61c in soil 
improvement make them of great economic value. Trijolium jrraterm, 
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or ordinary red clover, is by far the most widely grown. ALsiko clover 
{T. hyhridum), because it may be grown in more acid soil than the other 
clovers, is favored in certain localities. Some of the other clovers arc 
white {T, repens), crimson (7. incarnatum), Japanese {Lespedeza siriata), 
and the sweet clovers {Melilotus alia and M. officinalis). All of these 
species are biennial or perennial except T. incarnatum and L. striata 
which are annuals. 

Red Clover. — Early studies of pollination in red clover led to the 
belief that this species was practically self-sterile. More recent studies, 
particularly those of Fergus (1922), Williams (1925), and Kirk (1925), 
have shown that seed may be produced by self-pollination. These 
investigators have succeeded in isolating strains of red clover that are 
relatively self-fertile. Fergus self-pollinated G50 heads representing as 
many different plants and obtained 153 seeds from 32 heads. Those 
were tested in the next generation and it was found that in general the 
seed from the more fertile heads imoduced progeny which again set 
considerable sclfcd seed. In a similar experiment Kirk obtained 430 
seed from 230 heads of a Minnesota strain of rod clover and 904 seed 
from 200 heads of a strain known as Altasw(^dc. These experiments 
have shown that self-fertility in this crop has a genetic basis the same as 
has been demonstrated for other crops. 

Westgate et al (1915) found that moist soil and atmospheric condi- 
tions induced the formation of a large percentage of infertile ovules. 
All the cells remained sporophytic, no rodtiction taking place with the 
formation of an embryo sac. As much as 100 per cent ovule infertility 
was found in the first clovc^r crop. The rate of pollon-tubo growth was 
shown to be much slower in the self- than in cross-pollinated plants. It 
is probable that in many cases pollen-tube growth is t»oo slow to effect 
fertilization when the plant is solfed. The pollen of red clover is easily 
burst by an excess supply of moisture. Martin (1913) demonstrated 
that good artificial germination of pollen could bo obtained on membranes 
which were just moist enough to regulate properly the sui)ply of water to 
the pollen. lie suggests that the stigma of red clover perfoniis the same 
function as the membranes. 

Inheritance.^ — The studios of Kajamis and of (3mclin show that the 
leaf markings (light-green portion) characteristic of red <jlov(jr arc 
inherited and that there are at least two factor differences involved. 
Likewise, the tendency to produce supernumerary leaflets has been shown 
to be an inherited character although its expression is very much influ- 
enced by soil productivity — polyphylly is greater on plants well 

1 A review by MALTiu (1921) has been freely used in the following diHcxiHsion. 
Whore no literature citation is made the reference is to this article. Max^k, M. ()., 
“Variation and Inheritance in Rod Callover,'' Sci. Agr., vol % pp, 70-83, 125-132, 
157-162. 
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nourished. After praeticino* Holoei.ion for s(‘Vf‘ral years, I)(‘\4‘i<‘s is<)lat,(‘(l 
a form which had a tendency to ])r()(Iuc(‘suj)(‘rniirnerary l(*afiets an<l wliiclj 
he called T. praUinne qnuKpivJobum, 

The inheritaiico of flower and se(‘d color has been iiivesf i^>:ai(id by 
several plant breeders lied llowers \v(‘r(‘ found dominant lo by 

Kajanus. ATalte conclud<‘d that r(‘d flower color was j)rol)ably (h^pemdent 
on two or more factors. As a result of studies of s(mh 1 color, Kaja-mis 
found that dark ])iirphsh was dominant oven* lij»h(. ])ur[)lish and that 
both were dominant over y(‘Iiow' llusse n\sults indicate^ tliat varieties 
of clover breeding t.riie for seed color may Ix' produ(*(Ml 

The occurnmee of seedlings df^heiemt. in (diloropliyll in t,he progeny 
of self-fertilized ])lauts has be(m nobsl by KtTgiis (1021) a, ml by Kirk 
(1925). Tlie former report'd d(4icient s(‘(*(IIings in I out of a iota! of 32, 
whereas the latter found defi(;ient siedlings in 21 out of a, total of Si sedf- 
fertilize<l lines. 

Disease-resistant Clover. ( lover ant hracnosc^ {( Udldotrichnin Irn 
folii) causes scTioms injury to r(‘'l clown* in eiadani n^gions. Bain and 
Ifesary (lOOG) issued a pn'limina.ry r(‘port on isolating aii anthracnose 
resistant red clover, llealtliy plants in a ba<lly inf(‘st(Ml fudd w(*r<i hxtated 
late in the season after most plants had be(ui kilhxl by I1 k‘ dis<'as(‘. d'he 
seeds of the chosen plantiS \yw plantixl s(‘paraiely in cdt-('rnat(* rows wdth 
ordinary commercial se(‘d. * Measures w’<‘re taken to insure, the infection 
of every seedling with anthracnose. By Jurn^ 1 th(^ commtnv.ial i)lant»s 
began to show symptoms of the disease and by the iiiiddh^ of H<*pt(mibor 
not more than 5 per <‘ent of them w'<‘r(‘ living, wliih^ 95 per c(‘nt of the 
selections w^en^ healthy and making a fair av<n'ag(‘ growth. Home of the 
latter showed small hssions, l)ut growi.h was not smdotisly atT(‘ct.(xl. By 
continuing these inv(‘Stigations, a strain of iv.d (dov('r has be<m jiroduced 
which is resistant to anthracn<)S(\ The ''r<mm‘ss(‘(^ Agricultural Mxperi- 
ment Station has <listrilnit.ed seed of this st,rain t-o fanmns. It is proving 
to be of much value, 

A fungus dlsoiisi^ which fre<iu('ntly attacks rod <dover is powdery 
mildew. Mains (1922) has pointed ont that this fungus is not commonly 
found on T. inenrnatum , T, hyhrbbwij or T. rvpmH and that there seems 
to bo considerable differences in tlu^ tl<‘gre<i of nssistance 1»o this diseuiso 
among individual plants of 7k pmimm\ In genuTab thc^ American varie- 
ties of red clover proved more susceptilile to milder w than Kuropoan 
varieties. 

The reaction of several sp(udcs of Trifolium to Bracl^ynponurn trifolii 
under certain conditions in a greenlioiise has bcfui studied by Bonar 
(1924). r. incanmiim was found highly suHC(iptible and T. prateme 
and T. rr/pens moderately susceptible to this diseases. 

Adaptation, — Investigations hav(5 bo(ju carried on by a number of 
experiment stations to determine the relative adaptability of rod-clover 
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strains from different rosions. In general, sco<l protluced locally lias 
given more satisfactory results than iiupoi-ted seed. Cdiristie (, 11)23) 
found that Indiana and Ohio strains of rod clover withstood Indiana 
winters whereas three strains from Italy, four irom Chili, one from 
Bohemia, one from Huiigaiy, four from Franco, and two fi'om ( lormany 
all winter killed more or loss. In a somewdiat similar experiment con- 
ducted in Alichigan, (’ox and Megoi'; (1924j found that seed grown in 
Michigan and in the northern stat.t!s or ( 'ana<la was more dependable and 
better adapted than seed from other sources. Seed from western ( )rcgon 
and Italy was of practically no value when^ms s<s‘d from northern Furope 
and Chili in some cases gave good results. Similar results were obtained 
by Arny (1924) in Minnesota. Farther south in the general region of 
Tennessee, Kentucky, Virginia, West Virginia, and Maryland, anthrac- 
nosc is freciuently the cause of failuri' with red (4ov<‘r; therefore r(>sist- 
ance to tliis disease in addition to geiu'i-al climalic adaptation is highly 
desirable. 

Breeding. — The improvement of nsl clover may be accomplished by 
one of two methods of bns'ding, namely, a, resirieled form of mass 
selection or self-fertilization follow(al by iiybridizution and selection. 
In cither ease it is desirable to first mak(! a. compaiison of the varieties 
produced by othei- br((eders and of commercial srsid from difhu'ent sourcrw 
to obtain the best forms for t he foundation stock. In mass select ion, a 
seed plot may bo used in which (uioh plant is spaced so that its characters 
may be detennined. Undesirable plants should be removed before jml- 
lination. By repeating t.his procews, forms wit h tins <.l<!sii-o<l characteris- 
tics and with practical uniformit.y may be isolates!. 

The studies concerning self-fertilizat ion in nsl clover wliicli have boon 
mentioned show that it is possible b) prodmu? relatively homozygous 
lines by artificial self-pollination. The pure st, rains which show the 
desired characters itiay then bo crosse<l and s(d(>c.tion mad<i among the 
progeny in a manner somewhat analygous to the modern method of 
com breeding. 

Japanese Clover. — Ac(iording to Kssary (1921), Japanese: (Hover, Lcj<~ 
pedem utrzata, was first <lescribed in ( ieorgia al)oiit/ 1X19 wluu'c it is 
thought to have bexm introduce<l aecickmtally as packing for gcxxls 
shipped into the Unitn<l Stat<is. It is a native of («isl,('m .'Vsia. 

In 1912, the Tennessee Mxperiment Station madc^ 2.f)X Mele<itIonH 
from both wild and cultivatedTxisp<sloza plants. Some were indivi<lual- 
plant selections and other’s were scloctifins made from groups of plants. 
It is statesd that the progeny of individual plants “have remained true 
to type to a remarkable degree.” As a result of this work throe new 
strains of Lespedeza , have Iroon developed. One of these strains is 
adapted for hay, one for pasture, and one for growing in sections of 
Tennessee where the season is relatively short. 
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Sweet Clover. — The sweet clovers have been known for many years 
although it is only recently that their agricultural value has been recog- 
nized. In addition to the yellow- and white-flowered biennial sweid 
clovers, an annual white-flowered form exists, to which att.ent,ion was 
called by Prof. H. D. Hughes of the Iowa Agricultural ( 'olh'ge. In th(> 
biennial sweet clover (Pammel and King, 1918) the iippi'r portion of the 
underground organ is a stem and produces numerous buds. These are 
absent in annual sweet clover. 

Aberrant forms in Arctic sweet clover have been reported by Kirk 
(1924). The aberrant plants wore found in a variety that 3 yi'ars previ- 
ous had been grown in a long, narrow field adjacent to a similarly shaped 
field of Grimm alfalfa. A further study of these unusual iiulividuals 
(Kirk, 1920) showed that some of them were completely sterile, others 
nearly so, and some were completely fertile. Thirty-four seedlings from 
each of ten fertile plants were transplanted to a field. Six of the families 
showed segregation into two distinct types: one similar to sweet clover 
and another with greater leafiness, numerous stalks, and a well-developed, 
much-branched crown, somewhat .similar to alfalfa, fl’he cumarin 
content among the plants of the latter type varied and in some iilants it 
was almost completely absent. It is suggested that these aberrant foniis 
may have arisen as the result of a natural cross between sweet clover imd 
alfalfa. 

ALFALFA 

Alfalfa is one of the oldest, if not the oldest, plant cultivated for its 
forage only (Piper, 1916). Most of the cultivated forms belong to the 
species Medicago sativa. The only closely related species of economic 
value is M. falcata, sometimes called sickle alfalfa or ycllow-Ilowereil 
alfalfa. The two species cross readily, as Waldron (1919) has shown (for 
pollination studies on alfalfa, .see (.lhap. V). Piper e,t al. (1914) found 
that alfalfa set more seed when croas-pollinatod than when selfed, although 
the selfed set considerable seed. It also was demonstrated that auto- 
matic tripping with consequent self-pollination may occur under certain 
conditions. 

Grimm Alfalfa and Winter Hardiness. — ^Westgate (1910) and, later. 
Brand (1911) suggested that the origin of Grimm alfalfa was probably 
the result of natural crossing between cultivated alfalfa {M. mtiva) and 

Fici, 57. — kStructuro of iilfalfa flowers, 

1. Branch showing flowers in positiou. 

2. Bin#?lo flower* showing — a, standard j 5, sexual eolunin In contact with standard; c, 
kool; d, wings. 

3. Bood pod. 

4. l^lower parts in position — «, undovolopod pod; ?>, ovary; o, filament; d, anther. 

5. 8amc with all anthers removed oxoopt ono to show stigma, 

0. Anther. 

Biae: I, abtmt J^n; 2. al>out 2n; 3, about 4, 5* 6, greatly enlarged. 
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wild plants of the ycllow-llowoml ^ie.kle lueorn [M fnhdta) found (‘Sju^. 
cially in Gonnany, Austria, Jlomnaiiia, and e(M'tain rf‘j>ioi)s of Italy 
The seed from which th<^ Grmiiu van(d-y ovoni-ually r(‘sultod was brought 
to Garvor C'ounty, iMinnosota, by a Gorman ininngraiit farinc^r, Wondelin 
Grimni^ in hSST. Here for 50 yarn th(^ original variety was subj(‘<*(od to 
the severe Minnesota winters and as a losiili, the Goii-haidy typ(\s were 
eliminated. 

Waldron G9J2) reported the result of t(ssting for wiiitta* liardiness 08 
different strains of alfalfa assembled Irom various parts of the world. 
The trial was made at Dickinson, N I) , during t.h<‘ severe winter of 
J<)()S and 1900. The two strains of Grimm alfalfa melndc^d in the oxperi- 



Fio. 5S — ( Vmiparalivf* hurdmoSH of (Jrimni uihI ronmiou jilfalfuH. Uvo rowH hi iho 

0 (*utor aro from CJriiiuu Hood, At oithor Hido ar<‘ iow%^j?iown from ^cMillioru ^.^irowu conuiion 
wood. 'nUOhCUhoiu iPkufo Imm'd hu 


raent pfovod to b(! th(' lumlicKi.. On iin nv(‘mg(?, 1 ('«h Ilian 5 i)f*r cent of 
the Griiiiiu plants wore kilh'il and only ono otlior strain showed loss than 
10 por cent killcwl. DisregarditiK 12 strains whiitli wore dostroyod com- 
pletely, the average porcentago killed for the other siTains, considered as a 
unit, was 77.5. 

To bring out the fact that ilifforcncos between strains in their respec- 
tive reactions to cold are genetic, Waldron computed correlation coeffi- 
cients. Two nurseries had boon planted on succooding years with the 
same strains taken from the same original lot of seed. The percentage 
of killing of the various strains in one nursery during the winter of 1908 
and 1909 was correlated with similar data collected from the other 
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nursery after the winter of 1910 and 1911. A correlation coefficient of 
+0.62 ± 0.06 was obtained. 

Some of the surviving plants of the different alfalfa strains were selfcd 
and the seeds so obtained were planted separately in a third nursery. 
Percentage of winter killing of those strain,? was taken and the correlation 
coefficient between the percentage of winter killing of the parental stock 
and that of the new strains was determined. The correlation coefficient 
obtained was +0.46 + 0.07. The mean winter killing (expressed in 
percentage) of the parental stock was 27.4;i ± 1.75 as compared with 6.4;i 
+ 0.66 for the strains coming from selfcd seed. In other words, progress 
has been made toward isolating hardy biotypes. 

Other winter-hardy strains of alfalfa have been developed by the 
Michigan (Spragg and Down, 1922) and the Saskatchewan (Kirk, 1924) 
agricultural experiment stations. Two strains developed at the latter 
station were produced by selection from Grimm. One of tho.se strain.? 
is superior in yield of hay and the other e.xcels in yield of .seed. The ncjw'’ 
strain produced at the Michigan Station has been named Hardigan 
In addition to winter hardiness it poasessos a .sjitisfactory yielding eapac- 
ity of both hay and seed when grown in Michigan. It is resistant to 
leaf spot also. 
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POTATO IMPROVEMENT 

Potatoes have boon brought into general cultivation since the divS- 
covery of America, and are now a crop of major importance in many 
countries. As potatoes arc reproduced commercially l)y tubers, they 
furnish an excellent illustration of the way in which vegetative reproduc- 
tion modifies breeding methods. 

Origin and Species.— There are from 5 to 100 species of tuber-bearing 
potatoes according to the number of forma which are recogni^sed as 
separate species (Plaat, 19086; Wight, 1010). Whetlu^r the cultivated 
potato arose from a single wild ap(^cies or from s(‘V(Tal is a debatable 
question. The preponderance of opinion is that there is only a single 
wild species, l^olanmii tuhenmim Tj., whicli deserves to be considered as 
the stem form from which all cultivated varieties arose. Wiglit flOlO), 
after carefully examining herbarium material, previous records, and wild 
species, makes the following statements: 

Every reported occurrence of wild Tuheromm. that f have been able to 
trace to a speciinon, eithc^r living or jireserved in the herbarium, has pr(U^(‘d to be 
a different species. 1 have not found in any of the principal Kurope^in collections 
a single specimen of Holaninn lubcromm collected in an uiidoubtod wild state. 

Berthault (1911) ciies Hc(*Js:el, Planchon, and Labrdgcnne as (examples 
of recent workers who believe that other wild spc^cies gave cultivated H. 
tuberosum forms by mutation; J^lanchon, behoving that the original 
foim was commersonii; Ilcckel, that H. maglia through mutation 
produced cultivated potatoes; wliile Labfirgfirie believed >)oth of these 
species gave cultivated forms througli mutation. Berthault attempted 
to answer the question by growing seeds and tubers of both these species 
and also by growing seed of several cultivated varieties, i^rogeny of 
seed or tubers of N, magliu and *8. com7uerso7iii gave no forms which 
approached in calyx or corolla characters the cultivated varieties of S, 
tuberosum. Progeny of seed of cultivated varieties showed Mendclian 
segregation, but no characters wore obtained which had not been observed 
in ancient cultivated varieties. Wittmack (1909), after a carc^ful botani- 
cal study of species, reached the conclusion that tuber omiu was the 
stem species from which all cultivated potatoes arose. 

This conclusion is further justified by a summary of results of species 
crosses given by Fruwirth (1925). Not all of the crosses were successful, 
but, in general; crosses between different forms of 8. tuberosum wore less 
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difficult to obtain than those between S. tuberosum and the other tuber- 
bearing species. 

The evidence presented by De Candolle (1886) seeins sufficient to 
prove that the potato grew wild in Chile in a form which is very similar 
to that of our cultivated plants. Heckel (1912) reports a study of 
changes under cultivation of forms of Solannvt tuberosum collected 
in the wild in Bolivia and Peru by M. Vcme. The wild plants were 0.25 
meters in height, with blue flowera, deep green foliage, and tubers about 
the size of a hazel nut each produced at the end of a long root-stalk. 
These tubers wore planted at Marseilles in a garden heavily fertilized with 
manure. There was little change in the flower and fruit characters but 
there were pronounced changes in the sub<.orranean parts. The yellowish 
tubeis, each home at the end of a much shortened root-stalk, contained 
a far greater amount of starch than wild tubers, and the characteristic 
bitter taste of the wild tubeis disappeared. Much more profound changes 
in tubers of H. maalia occurred under cultivation (Ihickcl, 1009). 

There seems to be no good reason for sixuiking of all these tuber changes 
as mutations. It is more in lino with modern gf^netie usage to consider 
them as the normal expression of the inherited factors under the new 
conditions of environment which occur under cultivation. 

The cultivated potato was first introduced into Kpain and Portugal 
by the Spaniards during the first half of the sixteenth century.' A 
description and illustration of the potato, published by (flusius in his 
“Rariorum Plantarum Historia” in 1601, wc»re made from a plant sent 
him, in 1588, by the governor of Mons. The flowers were light purple 
and the original plant obtained by (llusius produced a fruit ball and two 
reddish tubers. From this introduction the potato was taken jirobably 
into Italy, from there early in the seventeenth century to Austria, 
then to Germany, from Germany to Switzerland, and finally to Fmnce. 

Drake, after a West India piratical trip, took tins Roanoke colony, 
including Thomas Jlerriott, to England. Pi’obably potatoes were part 
of the stores obtained in the West Indies by Drake,* and these Herriott 
introduced into Ireland about 1586. This was the second introduction 
into Europe. It is generally believed that the English colonists of 
Virginia and Garolina first obtained the potato from Spaniards or from 
other travelers. Gerard described and illustrated a variety of potatoes 
in his “Herbal” in 1597. This variety had light-brown to yellowish 
tubers and violet to almost white flowers. 

Inheritance of Important Economic Characters.® — Systematic plant 
breeding with the idea of combining the desirable characteristics of two 

1 East, 1908b. 

* This discussion and tho more detailed one at the end of tiio chapter is baaed 
on inhoritanoo stwiios made by several investigators, particularly Salaman and 
Bast and suromarized by PanwmTH (192.5). Where author without date of publica- 
tion is cited, reference is made to Pruwirth’s summary. 
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parental varieties can bo carried out only after tlic breeder has familiar- 
ized himself with the characters of particular varieties and of their wild 
relatives. Varieties which arc otherwise desirable, however, frequently 
are lacking in some particular character. Thus a variety" with the period 
of maturity of Marly Ohio but with less tendency to second gi*owth would 
be of material value, while a variety similar to Irish ('olihlor but with 
shallower eyes appears desirable. A late-inafcuring variety for the Houth 
with as great hejit resistance qualities as McCJormick and with good 
tuber type, such as Rural Now Yorker or Green Mountain, would be a 
valuable addition to the potato varieti(ss for that section The disciovery 
of the wari; disease in the United Ktaics and the knowledge that certain 
American varieties are susceptible, has given some impetus in this (jountry 
to the breeding of wart-resistant varieti(ss. Thus, with the ])ot<ato, as 
with other crops, the breeder should first detc^rminb the ideal toward 
which lie will work. Parental van(jti(^s should i-hen be seleci/od because 
of some desirable chai'acters. Hy recombination of the favorable^ cliarac- 
ters of both parents, improvements may be obtained. Th(i transmission 
of potato characters througli tlie sc^ed is in conformity vvii-h M(^nd<dian 
principles. Vegetative propagation allows the brernlcn* to peu'petuate any 
desirable genotype even though heterozygous, which is t.he usual condi- 
tion in the potato plant. While, in general, self-f(^rtilization of a com- 
mercial variety gives rise to seedlings which vary a great dc^al, it is 
comparatively easy to obtiiin homozygosity for some characters. 

Tuber shape and <l(q:)Ui of eyes are important characters which are 
used as one means of varietal claRsification. Tub(‘r sluqx* has l)e(m 
found to (lepen<l (issentlally on the pr<isence or abs(mc(5 of a single fac^tor 
for lengUi. According to this hypothesis a tuber may bo homozygous 
long, homozygous round, or heterozygous long. Heterozygous long is 
the most variable of the thn^e conditions. In one experiment two varieties 
with round tub<^rs when S(df<j<l produced nothing but round tubers, while 
twelve varieties with oval tubers, when solfcd, produced long, oval, and 
round-tubored progeny. Heribert Nilsson (1912-1013) found one 
variety of potato that did not breed true for round tubers. Long tu}>ers 
were dominant to roxmd in Fruwirth's (1912) experiments. 

CJonilicting results with regard to the inhoritanc(% of depth of eyes have 
been obtained. Halaman (1912 1913) and Mast agree that shallow eyes 
are the dominant condition, whereas Heribert Nilsson thought that deep 
eyes were dominant over shallow eyes. Hmall round eyes were found to 
behave as receasives to largo broad eyes. 

Salaman (1925) reported a study of inhoritance of '^cropping index/^ 
This index was devised to express the ratio of haulms (vines) to tubers* 
Twcnty-fi\re thousand seedlings, from four hundred families were studied 
and by estimation the plants were placed in five classes. CJlass 1 con- 
tained the plants with f.he greatest tuber weight in proportion to haulms 
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while class 5 were “zero croppers” or almost without tuber formation. 
Classes 2, 3, and 4 were of intermediate condition. Vigor of plant did 
not appear to be correlated with cropping index although, in general, the 
more vigorous the plant the greater the tuber formation. It was sug- 
gested that two cumulative factors A and B controlled cropping inde.x, 
and that the highest genetic composition of a normal variety was AaBB 
rather than AABB. The latter genotype was considered sterile while the 
double recessive aahh represented the formula for a zero cropper. Certain 
wild types crossed with high-producing domestic varieties produced all 
zero croppers in Fi. This result was considered to indicate the presence 
in the wild types of dominant inhibitors of A and B. The possibility 
should not be overlooked that cropping index may be correlated with 
earliness, a character which Krantz observed strongly inlluenced tuber 
production. Certain late-maturing seedlings produced a very small 
crop of tubers and this was believed to be Ijocause the season was not 
sufficiently long to permit complete maturity. 

The inheritance of habit of growth in the potato has been reported by 
Salaman and Lesley (1920). Three distinct forms, namely, upright, pro- 
cumbent, and prostrate, were described. The prostrate habit of growth, 
in wliich the vines sprawl along the surface of the ground, is i-ccessivo 
to the upright form and differs from it by at least two and probably three 
factors. The procumbent plants are intermediate between upright and 
prostrate. The genetic relationship of this character has not been 
established but the authors have some cvulenco that it is a recessive and 
differs from upright by a single factor. There was some indication 
that the prostrate forms could better endure drought than the upright 
types. 

Sterility of the anthers has been found to be a dominant character. 
Salaman believed at first that its inheritance was due to a single <liffer- 
ential factor pair but later evidence indicated a more complex manner of 
transmission. More recently Salaman and Lesley (1922) have reported 
a detailed study of pollen sterility. When the pollen grains were of good 
size and abundant, the plant was classed as a fertile pollen producer but 
when they were small, less abundant, or almost wanting, tl»i plant was 
classed as sterile. Three varieties of potatoes, KdzoU Blue, Myatt’s Ash- 
leaf, and Edgecote Purple, were used in the study. Edgfscoto Purple and 
Myatt’s Ashleaf both, w'hen crossed reciprocally or selfcd, produced 
offspring which were classed as “fertile.” ICdzell Blue, when sclfed, pro- 
duced both fertile and sterile offspring but when it was used as a pollen 
parent in crosses with Edgecote Purple, all plants of the F] and F% genera- 
tions were fertile. In reciprocal crosses, approximately half of the 
offspring were fertile and half sterile. It was suggested that somewhere 
in the. lineage of the formation of pollen the basis of sterility had been 
lost whereas in the Uneage of the formation of egg this had not occurred. 
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Pollen sterility, therefore, appears to be dominant to fertility although 
sterility is transmitted only thi*ough the eggs. This is a very important 
conclusion for the practical breeder. No variety would be homozygous 
for pollen sterility and lines homozygous for fertility could be produced 
by self-fertilization and selection if offspring could be obtained. 

Besides this type of hereditary sterility which, according to Dorsey 
(1919), Breeze (1921), and Young (1922), occurs after the formation of 
tetrads and the pollen grains have assumed their characteristic foim, 
degeneration takes place in the pollen mother cells prior to the period of 
tetrad formation, due, it is believed, to external environmental causes. 
This may result from insufficient nourishment or “infestation of amoebae 
or other microorganisms.^' 

The transmission of immunity to wart dis(iase has been stud^(^d by 
Salaman and Lesley (1923). Immunity behaves as a dominant although 
this dominance may be inhibited by other factors. Four types of immune 
plants were obtained. One type bred true, the other three, wluiii sclfed, 
gave ratios of 15:1, 3:1, or 9:7, respectively. 


Iiiheritance. — Several factors, in addition to th(* cliroiuogc^n body, have h(‘(‘n 
recognized m tuber coloration, lied potatoes contain (wo genes, /f, a retldonirig fa(‘- 
to'r, and />, a dcvelop(‘r of pigment Purple and bliK'k tulxjrs have*, in addition 
to R and /), another factor, P. Segregating ratios w<t(^ in accordance with tin* above 
factorial hypotiw?s<Js. Wilson (1016) obtained only white tubers from seifi‘d wliito- 
tubored varieties. Similar results have iieen olduined l)y oUkt plant bn*e<lei's which 
show that white is a recessive character. Recently ('Olhns (1024), Kelley (1024), 
and Krantz (1920) have studied the inheritance of tuber color pattern. Th<5 e^plana- 
tioii made by Krantz will account for the tmxxliH obtaine<l by dollins and K(*ll(‘y and 
is therefore given here in some detail. Thn^c factor pairs wen* invol ve<l in tin* di^velop- 
meni of color m tlui tuber. The factor Jiypo thesis used was as follows: 

D is a basic color factor necessary in the dominant condition for thci devedopment 
of color in tlio tuber skin. 

E is a factor whicii, when present with A leads to the produtdiou of par(i-color<*d 
tubers. 

A is a factor which, when present witli D and Hf produc(*s suffusetl or s(df color. 

The solf(‘d progeny of Red McCormick, Triumph, and Early Ohio wen* studied, 
os well as crosses of a r<‘COHsive wlute strain, U, H. 1). A. seedling No. 14,329, with 
'rriumph and Early Ohio. It was concluded iliat Triumph probably has (he* g(*ne*ti« 
comjiosition DDRtA(Ij Early Ohio DdHrAAy Red McOonnick DdRtAfij and the white 
seedling ddnm* 

Fruwirth (1012) found yellow flesh of tuber dominant over white. It was also 
found that different gradations of color were inlierited. irerib<*rt Nilsson (1012 *1913) 
observed that some varieti(*s with yellow flesh (tubers) bred true when Helf<*d, otlicrs 
segregated as dihybrids with white recessive. Kvid(*n(^e that seviJral factors were 
operating in the inheritanecj of tulier flesh color was obUiined. 

A certain amount of coloring in the young sprouts or shoots, stems, and sometimes 
in the l<ui,f petioles was found associatiid with the pnjsence of color in th(i tubers. With 
regard to flower color, three white-flowered varhjfcics, solf<»d, produced only white 
fiow^ers; and three out of four colored variothis, when sclfed, producjed both (motored 
and white forms. Color is, thoreforo, dominant to its abserici^. hihcritancc of this 
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character may be explained by assuming the presence of a chromogen body and 
modifying factors. Heliotrope flowers are due to the chromogen body phis a redden- 
ing factor; purple flowers are produced by the addition of a purpling factor; white 
flowers may he due to the absence of one or more of these factors. 

. It appears that, in many cases, quantitatire characters are dependent upon 
multiple factors. McDougal (1917) crossed the wild potato of Arizona, S. fendleri^ 
which grows at a high altitude and endures extremes of climate, with a (lomestic 
variety. The wild form produces small tu])ers. In the Fn generation, forms appeared 
which were identical with the wild pannit together with many intermediate types. 
Krantz (1924) found tliat Fi varietal crosses were, as a rule, more vigorous than the 
seedlings obtained from tlie selfed seed of the parents. Second generation seedlings 
were loss vigorous than first generation seedlings jirobably owing to the fact that the 
former were on the average more nearly homozygous. The facts sxipport the theory 
that these quantitative characters are dependent upon multij)lc factors. 

Production of New Forms. — For the purpose of difforen fciating between 
two important phases of potato improvement, Htuart (101.5) has rtiferrod 
to “selection” as the “isolation and asexiud propagation of desirable 
strains or types” while “breeding” is use<l only for sexual reproduction. 
With certain crops, such as the potato, this tcnniriology is distinctive. 
Such a restricted usage of the word “selection” seems undnsirablo. The 
same idea can be obtained by the use of “(donal sidoction” to ref<ir to the 
asexual propagation of desirable strains or typcjs. Sexual bi’<‘(iding is 
the most promising method of obtaining new varieties although clonal 
selection has an important place in keeping the variety in a state of 
purity and in the control of certain diseases. Modern methods of sexual 
breeding and certain difficulties involved will he discussed briefly. 

The Difficulties of Obtaining Crossed Seed. — The technic of piaking a 
cross is very simple. Several flowers in the same cluster may lie polli- 
nated about the same time. Unopened buds may bo emasculahul, polli- 
nated immediately, and seed frequently is obtained. Stuart (1923) 
collected flowers to be used as the male parent in small sacks. The 
following description of the technic of pollination wa.s given: 

The corolla is pushed back between the thuinb and forofitigcr of the loft hand 
and held in such a position that tho anthers oxtciul upward toward the thumb 
nail. After removing the pistil the anthers arc tapped sharply witli tho forceps, 
thus jarring the pollen out of tho terminal iwres, upon the thumb nail, on whicli it 
is readily conveyed to tho stigma of tho previously uncovered flowers. 

The flowers are receptive two to four days after emasculation. Fast 
(1908a) concluded that the potato was usually s<!lf-fertilized. He also 
observed the fact that insects were seldom seen to visit the flower. Salar 
man (1910-1911) believes it unnecessary to cover the flower before .or 
after pollination. Stuart, however, used 1-pound bags and found that if 
a certain amount of foliage was included in the bag its use did not cause a 
lowering of the number of seeds set. An average of between one and two 
hundred seeds was obtained by Stuart from edch successful cross. The 
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difficulties of obtaining crosses are of three sorts. Some varieties are not 
free bloomers. Even though the variety is a free bloomer, environ- 
mental conditions may cause the flower to fall before seed is produced. 


h. 


Fi«. fiO — Eniaisculatcd and uncxnasrulatod potato blosnoms. {After Stuart,) 

With some froo i)looniing varieties, ami ixndcr conditions favorable for 
blooming, the pollen production may bo almost wanting. 

Stuart (1923) states: 

Most varieties will predueo some bloHsoms when grown under optimum 
(ionditioiiH for the normal devolopniont of tlie, plant, particularly if thcKO condi- 
tions prevail <luring the stage at which flower buds arc formed. In many 
con.sidorable variefed collections it is inovitabh! that many varieties should find the 
conditions umuitablo for tlicir maximum development. 

After studying numerous varieties Htuart mmie the following group 
classifications: Irish dobblor, Karly Michigan, Early Rose, Beauty of 
Hebron, Green Mountain, Rural, Peachblow, and Up-to-Date as profuse 
bloomers; Eaa-ly Ohio and Burbank as moderate bloomers; and Triumph 
and Pearl as scant bloomers. 

While all varieties produce flower buds the early dehiscence of these 
is the main reason why sparse bloomers are obtained. Perhaps in some 
cases, as pointed out by Breeze (1921) the early dropping of the flower 
buds may result from infestations of amoebae in the anthers. It was 
believed that some varieties wore resistant to such infestations. 

Stout and Clark (1924) have presented extensive studies of pollen 
sterility of many named varieties and of some wild species which were 
grown at Presque Isle, Maine. The varieties were placed in four classes 
although the description of the classes given here is much shorter than 
presented by them. 
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1. Pollen alnindant, 30 per cent plump with 15 to 20 per cent of all 
grains which germinated. 

2. Pollen abundant, 5 to 30 per cent of plump pollen, with only a few 
of those grains which germinated and usually with pollen tubes of feeble 
growth, (h'oss-pollination with varieties of this class produces little seed. 

3. Pollen usually scant, but sometimes fairly abundant, percentage of 
plump grains 10 per cent or less, ])ut rarely germinating. (Jross-pollina' 
tion with this class results in failure. 

4. Pollen very scant, with scarcely a plump grain. No germination. 

The pollen condition of some of the more important commercial 

varieties belonging to the variotis potato varietal groups summarized 
here has been adapted from th(‘ir material. Classes 3 to 4 represent the 
four groups on the basis of pollen production and viability. 


CJla.shhh 

•S', f '/lunula HI 12 3 4 

1. CV)l)l)l(‘r grouj) 1 4 1 

2. Tmiinjjli pjroup . . 1 

3. Mi(*liif»:an |z:rf)up . . . . 4 

•1, U().s(‘ jrnnii) .. 3 2 

/). R'lrly Oliio group .. 2 

(). Il(t)n)n group 3 

7. Burhjuik grotip . . . . 3 

S. CJro(‘u Mountain group 5 6 

e. Rural grouj) .. 10 4 

10. F\^arl group 

1 1. Poachhlow group I . . . . 1 

12. Up4<wlat<^ group ! G 1 


(Certain varie<ii(5S W(U’o found to b(j (lependable pollen parents. These 
w:cro listed as follows: 1^'rom the United Stahns, Keeper and McC'ormick; 
from (,'anada, Mclntyrcj; from Groat Britain, Martin’s Horn and Hhain- 
rock; from Germany, (Jlio; from Poland, Ihisola, Bohun, Hwitez, Zbyszck, 
PetroniuKS. 

Btuart (1023) calls attention to the infeutor commercial charactei^ of 
the four Am<u‘ican varieties, iCarly Hilver Hkin, Keeper, Mc(3orrnick, and 
Round Pinkeye, which were classod as de^KUidablo pollen parents while 
CJlark (1023) and Krantz (102*1) have urgcul the necessity of producing 
desirable pollen i)ar<mts by seU^ction in self-fertilized linos, studies are 
already und<u- way for the purpose of producing desirable homozygous 
pollen parent varieties. As was pointed out in the discussion of inherit- 
ance of (iconomic characters, pollen sterility is a dominant character and 
transmitted only through the egg. By selection in self-fertilized lines 
pollen sterile individuals will become eliminated. 

Methods of Handling; — Certain points regarding methods are of 
interest and have been taken from Stuart (1923). As soon as the seed 
balls are ripe, which condition can be recognized in most American 
varieties from the pale lemon-yellow color at this stage, the seed balls 
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should be removed from the vines. After harvesting the seed balls 
they should be crushed into pulp and placed in a vessel of water. In 
the course of several days fermentation will have set in and if the material 
has been stirred several times during this period the pulp will rise and can 
be removed easily. The seed should be collected and dried in which 
condition it may be held for several years. 

When small amounts of seed are available the seed balls may be cut 
crosswise and the seed squeezed out on a piece of paper and left to dry. 



Fig. 60. — Potato seed balls and seed. {After F, A Krantz.) 


The young seedlings may be started in flats in the greenhouse the 
early part of March for latitudes such as Washington, D. 0., by sowing 
the seed inch deep or thereabouts in a sandy loam. After four or five 
weeks the plants may be transplanted into pots or flats and taken to the 
field when conditions are favorable. Stuart believes it desirable to plant 
them 30 inches apart in the row. 

Many seedlings must be tried and only a few will prove of value. 
The early history of seedling production indicates the importance of 
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sexual breeding. Results indicate that seedlings which produce tubers of 
irregular shape or with deep red or purple skin may well be discarded 
after the first year’s trial. After another yearns study those strains with 
undesirable characters such as low yielding ability, undesirable shape, 
deep eyes, unusxial susceptibility to fungous diseases, and straggling or 
weak vine growth should be discarded and the few more promising types 
given a wide test to deteriuine their adaptability and value under different 
conditions. 

One of the greatest difficulties in potato breeding is the harmful effects 
and total loss which may result if the degeneracy diseas(^s are present in 
the breeding plots. These diseases can be controlled from a practical 
standpoint by keeping the breeding stock well isolated from other potato 
fields and thtis pnwuiting primary infection. 



Vio. 01. — An uni>rnnuHin« firHt-yoar snodling. Drop of U)U). Note the largo uimiber of 
arnaU, irn^gular Hhapetl tulnw. HtmrL) 


Early Improvement through. Seedling Production. — Probably no 
statement could bo more illuminating tluin Stuart’s discussion regarding 
early studies of potato improv<!m<mt in the United Htatos. The facts 
here related arc taktm from his publication. 

During the p(iriod from 1840 to 1847 the wide ocourrence of potato 
blight focussed the attention of potato growers upon the need of more 
resistant varieties. Tho Itov. (’. .K. Goodrich, of Utica, N. Y., believed 
this susceptibility to diseases was a result of long-continued asexual prop- 
agation, Through the agency of the American consul at Panama, Bouth 
American varieties were introduced. Goodrich grew seedlings from Hough 
Purple C’hili, one of the introduced varieties, and obtained a new variety 
which he named Garnet Ghili which was introduced into the trade in 
1857. Between 1849 and 1866 Goodrich raised a total of 8,400 seedlings. 
These experiments had considerable effect on the work of other breeders. 
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In 1801 Albert Bresee, of Hubbardton, Vt., grow a naturally fertilized 
seed baU produced by Garnet Chili One of the seedlings produced was 
distributed under the name of Early Rose The most careful brocdci 
of this period was C. C. Pringle, of Charlotte, Vt., who selected varieties 
for crossing because of desirable characters. A variety by the name of 
Snowflake was one of the best known of his productions. Pringle, in the 
early 'seventies, contracted to produce potato seed for $1,000 a pound. 

Numerous varieties, probably resulting from naturally pollinated 
seed, were introduced by E. S. Brownell, of Essex Center, 1 Among 
the better known of these were Brownell's Best, Beauty, Eureka, and 
Winner. The Early Ohio is another of the well-known varieties which 



were introduced about this time. It was obtained by Alfred Reese from 
a seedling of Early Rose and introduced in 1875. One of the first plant 
productions of note of the celebrated breeder, Luther Burbank, was 
obtained by growing seedlings of a potato ball which he found on an 
Early Rose vine in his mother's garden at Lancaster, Mass. Of 23 
seedlings grbwn, one was of much promise. The new variety developed 
from this plant was introduced by Gregoiy in 1872 as Burbank's see<lliug. 
From naturally fertilized seed of Garnet Chili, E. L. (Joy of West Hebron, 
N. Y., obtained a variety that was introduced in 1878 as Beauty of 
Hebron. These early experiments which produced some varieties that 
are still grown illustrate the marked effect which the introduction of a 
single variety may have on the production of now forms. Borne of the 
varieties which resulted from the introduction and breeding experiments 
of the Rev. C, E. Goodrich are here listed: 
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TmiLH fjXXXI, — PKDtlJUKBK OF .SoAIB POTATO VaRIKTIES 



\'ariet y used for seed 

Seedlings named 

Kov riDfxlrii*,}) 

Rouffti Purple (Uiili 
Ganict (yhili 

Oa.rnet Chili 

AllxM'h 

Early Rose 

Early Ohio 

Jhirhank 

Alfr(‘{l liiMhsfi 

Marly Rose 


lOarlv Rose 

](] Jj ( ’oy 

Garnet (liili 

Beauty of Hebron 



ThoKO ('iu'ly studies illustrate the goiioral mode of production of new 
potato variot.ies wiii<ili was carried on prior to 1900. At the present time 
the state (i.xperiiiu'id, stations and t.ho (Inited States Department of 
Agi'icultuiTi are tiiking a kawling part in the production of improved 
varieties for the UnitcHl Stades. 

Clonal Selection.-- 'TIki subjcHil, of bud niuta.t,ions in potatoes is a 
somewhat didicult, one, for there ar(f numerous reported cases of such 
sudden changes. Many of the e.xtKu-itmmls were not perforaied with 
sufficie.nt oar<( l.o furnish aect^ptalile evidence, although numerous appar- 
ently autlienth! cas(!s of color chungciS have t)e('n reported. As an 
illustration of carefully controlUal (experiments those carried on by East 
(lOlOu) may lut cited. In these studh's each variety was started from 
a flingki hill. During the course of tlio study, five permanent changes 
from pink to whii.<i tulxu's, t.wo permanent changes from long to round 
tubers, and four inst.ances of changes from shallow to deep eyes were 
obseiwed. Dn the basis of the nushxs of inhcsritance of these characters, 
the hypothesis was made l.hat the changcis rc^sulted from the loss of 
dominant factors. Experiments in s(d(‘Ct,ion for high nitrogen content 
gave negative rcisults. The statement was made: 

It is triKi thiit all of th(i asexual variations hav(i Ixsui l()ssc.s of cliaractcirs, while 
in sexual reproduction the formation of new (diaractcjrs occurs. 

Dorst (192-1) collected and examined as completely as possible all 
available cases of )>ud mutations. There seems to be little doubt of the 
iuithonticity of many of tlmso cases. As nwerse bud mutations from a 
new form to its original parent occur, Doi'st does not belicrve that all 
Buddrrn changes ar(^ thcr result of the loss of a dominant factor. While 
it is possible that ckisirablc economic characters may have appeared 
occasionally as a result of bud mutations, the ovidenrjc for this belief is 
not very conclusive. Krantz (1924) has published considerable data 
recently which show that selection for yield or tuber form within a clone 
is futile. There is every reason to believe that sexual brooding is the 
promising mode of attack and in the production of improved new varie- 
ties bud mutation appiiain of comparatively little value. East (quotes 
A. W. Sutton, who states: 
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I have no hesitation in affirming that there is no potato ni commcroo m 
England, and I might say in Europe, which owes its origin as a distinct potato to 
bud variation in any form whatever. 

If this statement is true, it seems fair to conclude that there^ has been 
a somewhat loose usage of the term ^^bud mutation in its application to 
raising the standard of a variety by any of the well-known methods such 
as tuber unit or hill selection (see (Jhap XXI) Accumulated evidence 
certainly points to the belief that the chief value of such work rests on 
the probable elimination of degenerate types. Evidence from C anada 
presented by Macoun (1918) is particularly illuminating. Four varie- 
ties, Early Rose, State of Maine, Empire State, and Delaware, were 
grown at the Experimental Farm at Ottawa, C^anada, from 1890 to 1909, 
inclusive. The better tubers were selected from each year’s crop and 
used to plant the following crop. Results are presented in Table 
LXXXIL 


Table LXXXII —Average Yield op Potatoes over the First Four and 
Last Four Years of a 16-yEAii Period and Subsequent Yearly Yields 
OVER A Four-year Period 


Variety 

Year 

1890-1893 

bushels 

1902-1905 

bushels 

1906 

bushels 

1907 

bushels 

1908 

bushels 

1909 

bushels 

Early Rose 

257 

317 

150 

128 

69 

18 

State of Maine 

325 

361 

132 

174 

97 

62 

Empire State 

301 

338 

132 

117 

117 

62 

Delaware . 

296 

352 

103 

114 

156 

53 

Average . . 

295 

312 

129 

133 

no 

49 


For the 16-year period from 1890 to 1905, inclusive, the varieties 
were kept in a high state of productivity ‘'due, no doubt, to careful 
selection and good cultivation each year.” In 1906, however, there was 
a marked falling off in yield due to the unfavorable season. In the 
early part of the season there was sufficient rain but at about the time 
of the last cultivation, hot dry weather set in and continued throughout 
the season. During July there was also a severe attack of aphis. The 
vines, therefore, presented a stunted appearance and dried up early in 
the fall, the yield of tubers being very low. In 1907 and 1908 the seasons 
were also very unfavorable. The best tubers were again planted in 1909 
and although the tubers used for planting presented a very favorable 
appearance, the yields were very low. A comparison was made in 1909 
of tubers grown continuously at the (Central Experiment Farm and newly 
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imported tubers giown under more favorable conditions. The yielding 
ability of the imported tubers in some cases exceeded that of the Central 
Farm tubers by as high as 500 per cent. 

The rapid deterioration of varieties under certain conditions is a 
result, apparently, of degeneration diseases which have been referred to 
by various names some of which are ^^mild mosaic, leaf-rolling mosaic, 
rugose mosaic, leaf roll, spindling-tuber disease, and unmottled curly 
dwarf '' (Schultz and Folsom, 1 923, 1 925) . It has been shown that aphids 
are the principal agents in carrying these diseases of potatoes from plant 
to plant. The best means of control is the isolated seed plot and the 
use of healthy, disease-fi*ee stock. 



Fxo. 03. — TuborB produced under such a clieosecloth cover Ixavo given good yields during 
the HeaHOUH lOlH and 19U) while tiiborB from nn(H)Vorod vinos pnxluoed very mfenor yields. 
Univorsity Farm, St, Paul, MiuuoHoia. {poutivnu fCTunf!:.) 


Another explanation of degeneracy has been commonly mentioned. 
This is the hypothesis that continued asexual propagation causes senility 
or degeneracy. Perhaps this question may be answered for the potato 
by the consideration of a fact reported by Heribort Nilsson (1913), In 
a report of yields of (57 varieties, as tested in Sweden, he emphasized 
the fact that a variety, '^Hvit Jamtlandspotatis,'' which has been culti- 
vated more than 100 years proved to be the highest yielder. This is 
given as a refutation of the theory of senility. 

It has not been the intention in this discussion to lead the practical 
breeder to discard clonal selection^’ as one means of obtaining high 
yields, for it is a recognized fact that seed plot methods are of much 
practical importance. The results, however, are probably not due to the 
isolation of bud mutations but rather to the use of disease-free tubers 
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which h^ve developed normally and which furnish the right conditions 
to give the resultant plants a favorable start. 

Conclusion. — In general, clonal selection does not lead to the pro- 
duction of new varieties of great economic importance. Bud mutations 
have been observed although many of these are changes in color. Non- 
inherited changes of important tuber characters, such as shape, occur as 
a result of unfavorable environmental conditions Degeneration 
diseases are a frequent cause of low yields and clonal selection, as a 
means of controlling these diseases, is an important phase of potato 
improvement 

Improved varieties may be obtained by sexual breeding as is well 
illustrated by the studies conducted in the United States during the last 
half of the nineteenth century. Sexual breeding has been used almost 
continuously in the European countries and in the early part of the 
present century more progress in this field was obtained in foreign 
countries than in the United States 

A knowledge of the mode of inheritance of impoi’tant characters, 
particularly such characters as pollen sterility furnishes evidence which 
leads to the conclusion that further improvement through sexual breeding 
me.thods may be expected The first step appears to be the production of 
desirable pollen parents through selection in self-fertilized lines. Suitable 
crosses can be made and the benefits to be obtained from the vigor of 
Fi crosses can be retained in the potato because it is normally asoxually 
propagated. 

The breeding studies must be conducted in such a manner that degen- 
eration diseases are controlled This can be best accomplished by grow- 
ing the breeding stock so that it is constantly isolated from potatoes 
infested with these diseases. 



CHAPTER XIX 


BREEDING OF VEGETABLES 
INTRODUCTION 

The long periods of cultivation and the various environments to which 
many of our vegetables have been subjected, have served to increase the 
number of varieties. Most of the vegetable varieties have been produced 
by commercial seed firms or by seed growers. An examination of any 
seed catalog shows numerous new forms which are being constantly 
introduced into cultivation. I'here has lieen a marked tendency among 
seeds men to give new trade names to old standard varieties. This 
has led to a great deal of confusion in nomenclature and much difficulty 
has been experienced in varietal identification. There is need of a 
more scientific test of varieties prior to introduction and of a standardiza- 
tion of varieties, (ionsiderable jjrogress has Ixion made in chissification 
of some vegetables. More information is needed regarding the mode of 
pollination and inheritance of special characters liefore methods of 
breeding can Ix! intelligently applied. In this chapter the origin of both 
cross- and self-fertilized vegetables is biiefiy summarized. A discxission 
is given of methods of breexUng for cross- and self-fertilized vegetables 
and the inheritance of certain characters is summarized. 

Origin of Vegetables. The ancient Greeks and Romans were 
familiar with some of our garden vegetables, on the other hand, many 
are of more recent origin and new varieties are being constantly intro- 
duced. The discovery of America ini, reduced to civilization such 
important vegetables as the Irish potato, sweet corn, tomato, bean, 
sweet potato, pumpkin, squash, and pepper. Nearly all the other 
cultivated vegetables of temperate climate are indigenous to Europe 
or Asia. 

Sweet com, which is one of the most highly prized foods grown in 
America, is probably of recent origin. In Bailey's (1900) Clyclopedia of 
American Agriculture, Volume 2, page 402, the following statement 
occurs" 

I For a complete history of the origin of vegetables soo Dbj OandolijHi, A., Origin 
of Cultivated Plants; Kegan, Paul, Trench* Co., London, Second Edition, 468 pages, 
1886; Hhnsw>w, G., The Origin and History of Our Garden Vegetables and Their 
Dietetic Values, in /our. Roy. Bort. Boo., vols, 36 and 37, 1910-1911 and 1911-1912; 
Stuktbvant, B. L,, History of Garden Vegetables, in Am. Natwaliat. vols. 23, 24. and 
26. 1889, 1890, and 1891. 



326 


BREEDING CROP PLANTS 


The first sweet corn cultivated in America was derived from the Susequehanna 
Indians in 1779 by Captain Richard Bcgnall, who accompanied General Sullivan 
on his expedition to subdue the Six Nations. 


How long Zeamays saccharata had been under cultivation is not known, 
but there is considerable evidence to substantiate the belief that at least 
the mam types of corn, dent and flint, were cultivated a long time before 
the discovery of America. 

Table LXXXIII taken from De Candolle (1886) presents a summary 
of the origin of some common vegetables'. 


Table LXXXIII — Origin and Antiquity op Some Vegetables 


Vegetable 

Botanical name 

Piobablo ongiii 


Asparagus - 

Asparagus ofhemahe 

Europe, west temperate Asia. 

n 

Bean, lima 

Phaseolus lunatus 

Brazil 

E 

Bean, common 

P vulgaris 

S Am found m Peruvian tombs 

E (?) 

Beet 

Beta vulgaris 

Canaries, Meditorrancau basin, 

B 


Tops as food 

Roots as food 

westcni temperate Asia. 

A result of cultivation 

B 

Cabbage 

Brassica oleraeea 

Europe 

A 

Carrot 

Daucus carota 

Europe, west terapeiatc Asia f?) 

B 

Celery 

Apium graveolens 

Tern pci ate and southciu Europe, 

B 

Corn, sweet 

Cucumber 

Zea mays vai saccharata 
Oueumis sativus 

northern Africa, western Asia 

India. 

A 

Lettuce 

Lactuca sativa 

Southern Europe, northern Africa, 

B 

Muskmelon 

Cucumis mclo 

western Asia 

India, Bcluchistan, Guinea 

' a 

Omon 

Allium cepa 

Persia, Afghanistan, Bduchistan, 

A 

Parsnip 

Paslinaca sativa 

Palestine 

Central and southern Europe 

0 

Pea, garden 

Pisum sativum 

From the south of the Caucasus to 

B 

Pepper. 

Capsicum annuum 

Persia (?), northern India (’). 
Brazil (’) 

E 

Pumpkin 

Cucurbita popo 

Temperate North Ainenca. 

E 

Radish . 

Raphanus sativus 

Temperate Asia. 

B 

Salsify 

Tragopogon pornfolium 

Southeast of Europe, Algeria 

r (?) 

Spinach 

Spinacia oleraooa 

Persia (’) 

c 

Sweet potato 

Convolvulus batatas 

Tropical America (whore''*). 

T> 

Tomato 

I.iycopcrflieum esculentum 

Peru. 

E 

Turmp . 

Brassica rapa 

Europe, w'esterri Siberia (?) 

A 

Watermelon . 

Citrullus vulgans 

Tropical Africa. 

A 


A « Species cultivated more than 4,000 yeais. 

B w Species cultivated more than 2,000 years. 

C Species cultivated less than 2,000 years 
Amencan species’ 

Z> » Cultivation ancient in Amenoa 

E « Cultivation before discovery of America, but not showing signs of great antuiuity. 


Methods of Breeding Self-fertilized Vegetables.— Self-fertilized 
vegetables may be handled in the same general manner as other self- 
fertilized crops. Quality, yield, and disease resistance are the three most 



BREElJim OF VEGETABLm 


327 


important economic characters. Whether selection alone or hybridization 
followed by selection are to be used as a means of improving a crop is 
dependent upon the nature of the material. If the character combination 
is not present the only practical means of bringing it about is crossing 
followed by selection. 

Disease resistance is of outstanding importance and resistant varieties 
have been obtained both by hybridization and selection. 

Selection has been used by Edgerton (1918), of the Louisiana Agricul- 
tural Experiment Station, to isolate tomatoes resistant to wilt {Ihimrmin 
ly coper sici). The improved technic followed is worthy of consideration. 
Seeds of a particular variety were planted in soil which had been sterilized 
previously and then inoculated with a pure culture of the wilt-producing 
organisms. When seedlings showed wilt infection they were pulled and 
discarded. Only plants which showed resistance were transplanted 
to the field. Tomatoes had grown continuously for eight or ten years on 
this field and it was known to be heavily infi^ctod witli the wilt fungus. 
The use of this method permits a smaller acreages and insures the contact 
of each plant with the wilt organism. A selection madc^ from a row of 
Acme grown in 1909 named Louisiana Wilt-Resistant'^ was extremely 
wilt resistant but possessed other characters which made it undesirable 
for Louisiana conditions. Selections from the progemy of crosses between 
this form and Earliana showed consi(]erable promise. 

Durst (1918) reported the result of five years' selection for resistance 
to Fusarium of tomatoes. Varieties were found to differ a great deal in 
their resistance and unfortunately the moBt resistant ones produced poor 
fruit. After five years, some of the better strains stood up in soil which 
proved fatal to the original varieties. In addition to disease resistance, 
the selections also showed good yielding ability. Of 74 lots grown one 
year, the highest 14 yields were produced by selected strains. 

Pritchard (1925) has made the interesting observation that tomato 
varieties resistant to wilt possess more than the average resistance to 
other diseases such as septoria blight, early blight, nail-head rust, and leaf 
mold. 

Delwiche and Renard (1926) have noted that certain selections of 
canning peas are much more resistant to root-rot than othem. After 
obtaining parental typos of known qualities they can be improved by 
combining within a single variety the desirable characters of two or more 
varieties. 

An interesting case of breeding beans resistant to physiological races 
of anthracnose has been given by Barrus, Burkholder, and McRostie. 
One of the most injurious diseases of the bean is anthracnose (Colleio-^ 
trichum Undemuthianum). 

Barrus (1918), as the result of an extensive study, was able to place 
beans in four groups with respect to susceptibility or resistance to this 
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disease Over two hundred varieties of beans commonly grown, besides 
many others, were tested. A considerable number of plants belongmg to 
closely related genera were also examined. The cultures of anthracnose 
used for inoculating the varieties were obtamed from widely sepa,rated 
geographical areas. By studying the reaction of the variola cultures 
to each bean variety, two strains of anthracnose, alpha and beta, were 
discovered. With respect to their reaction to these two anthracnose 
strains, varieties of beans were placed in four groups . 

(ah) Varieties susceptible to both strain alpha and strain beta 
(aB) Varieties susceptible to strain alpha but resistant to strain beta. 

{Ab) Varieties susceptible to strain beta but resistant to strain alp a. 

{AB) Vanetics showing some resistance to both strains 

The most resistant variety of the last group is Wells Red Kidney. 
Results of crosses between varieties whose anthracnose reactions are 
known indicate that resistance to either the alpha or beta steam is 
inherited as a simple dominant, involving but a smgle factor difference 
(McRostie, 1919; Burkholder, 1918). It seems, therefore, very easy to 
produce resistant varieties to both strains by crossmg and selection and 
thus to combine desirable economic characters and anthracnose resistance 
McRostie (1921) has published an interesting paper on further stud- 
ies of disease resistance in common beans, ® 

obtained bear out the earUer views on the mode of mhcritance of resistance 
to bean anthracnose. The studies carried out show tha,t bean mosaic 
susceptibility is inherited. In Fi there was a partial dominancb of sus- 
ceptibility over resistance and in Fi a segregation which indicated a 
two factor hypothesis. In crosses between susceptible and resistant 
varieties in relation to the dry root rot, caused by the fungus, Fwaanum 

marhi phmeoU Burk., there was a doimnance '"'T neSv^U 

a segregation in Fi that appeared to be on a 9:7 basis. In i^early all 
cases, resistant Fi plants bred true to this character m Fi. Results 

of this nature show the great practical importance of the apph^tion^ 

Mendelian principles to breeding for disease resistance. ^ 

likely that a large part of our most destructive plant diseases will 
be controlled eventually by the production of disease resistant varieties. 

In breeding self-fertilized vegetables by the method of hybridizatio , 
it is necessary to grow the crop in such a manner 
can be studied and observations on homozygosity obtained, j^®* ? 
used will depend upon the nature of the crop. In the breedmg of canning 
peas the crosses and selections from crosses are grown on w®^®“ ’J”’® 
supports until the lines appear homozygous (Delmche and Renard, 1926). 
Standard sorts are grown as a means of estimating homozygosi y 
new selections. In addition, the nursery remams m the same location 
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for several years so that there is a good opportunity for the elimination 
of strains with high disease susceptibility. 

It has been observed by several workers that various types of ''rogues'^ 
appear in cultures of peas. These off-types are of various kinds. Fre- 
quently the types have smaller, narrower leaves and pointed stipules. 
These types give only rogues the following genei'ation. There are also 
intermediate types of rogues which do not breed true but give progeny 
consisting of rogues, intermediates, and non-rogues. Brotherton (1923, 
1924) has reviewed the work of Bateson and Pellcw. These workoi'S 
found that the progenies of seeds from upper nodes contained fewer 
rogues than the progenies of seeds from the lower nodes. Brotherton 
offered a factorial explanation for the results he obtained in a study of 
rogues in the Gradus variety. The appearance of off tyi)os is assumed lo 
be due to a mutation of a single factor .r to -Y. Jn erosos between rogues 
and Gradus the F 2 generation consisted almost entirely of rogues, th(i 
Gradus type very rarely appearing. This nssult is explained by assuming 
•that the heterozygous condition iXx) is very unstable and that thc^ro is 
a marked tendency to mutate into the A" A' condition and hence at gameto- 
genesis only an occasional x gamete is pi-oduced. 

Delwiche and licnard (192()) have discussed various types of rogu(?s 
which they observed. Later-blossoming, indoterrninatesgrowing plants 
were observed among other types. They state that varieties differ 
widely in the percentage of rogues thrown and that rogues arc most 
frequent in early varieties. 

When mutations stich as those occur, roguing is very important. 
Field roguing is considered the most desirable mf^thod of procedure by 
Delwiche and Renard. 

INHERITANCE OF SOME CHARACTERS OF SELF-FERTILIZED 
, VEGETABLES 
PEAS 

Some Classification Characters. — (bnsiderablo historical interest 
attaches to the pea because of the fact that in studying the inh(iritance of 
certain characters in this plant Mendel discovered his now famous princi- 
ples. Garden peas (Pisum mtivum) arc of two kinds, shelling and cdiblc- 
pod. In the former, seeds only arc used as food, while in the latter both 
pods and seeds may be so utilized. By far the greater part of the garden 
peas grown belong to the shelling group. Gommercial varieties of garden 
peas are classified on the basis of habit of growth — climbing, half-dwarf, 
and dwarf; and length of time to mature— early, medium, and late. 
Peas of the early varieties may bo round or wrinkled. Most of the medium 
and late maturing varieties belong to the sugar peas, which have wrinkled 
seeds when mature. Size of pod is another important classification 
character. Ripened pods may be inflated or somewhat oonstrioted. 
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Inheritance in Peas. ^ — Peas have been subjected to rather extensive 
genetic analyses, hence more is known concerning inheritance in this 
vegetable than in most of the others. In general, the known facts 
regarding the manner of transmission of characters in peas is in accord- 
ance with the chromosome theory of inheritance. 

Color , — There are a number of genes which influence the development of color and 
many of them interact in a somewhat complicated way. In Tal)le LXXXIV are 
listed a number of genes together with a brief statcnnent of their function. 


Table LXXXIV. — Important Color Genes in Peas 


Gene 

Function 

A 

Fundamental cooler factor 

Ar 

Reddening factor 

A, 

Partial inhibitor of flower color 

B 

Bluing factor ' 

D 

w Color in leaf axil (Allelomorphs ami d) 

Pi 

Color in pods 

H 

Orange seed coat 

M 

Brown marbling of seed coat 

F 

Purplish spotting on seed coiit 

U 

Self-colored violet seed coat 

Oa 

Inhibitor of red seed coat 

Q 

Normal seed {AQ fundamental for secMl-coat <‘olors and indent seed) 

Tr 

Grayish black spots around 

Mp 

Partly inhibits effect of qq 

Pc 

Black “eye’^ 


No attempt will be made hero to discuss fully the interaction of the factors listed in 
Table LXXXIV. A few examples only arc Tnention(^<I for purposes of illustration. 
For a more complete treatment the student is roferrcul to the Iit(irature cited. 

The fundamental color gene A alone produces light i)urple flow<^rH, t ogether with 
D or a somewhat faint, reddish violet leaf-axil, together with Pi a violet pod, 
together with Q a brown or black “eye” with indent scjod, together with Q and o[ 
a light brownish seed coat, together with Q and F a weak, violet spotting on the seed 

^ Summaries by Write (1917) and by Wellenhiek (1925a) have l)een freely used 
in the following discussion. 


Fio. 64. — Flower structure of pea, 

1. A single flower — a, i>etal8 of caly.x; 6, side view of corolla, 

2. Front view of fully open flower — a, petal of calyx; 6, wtundurd ; c, wing; d, keel. 

3. The sexual organs removed from the bud. {Adaplcd from MuUn.) a, Filament: 
6, anther; c, style; d, stigma hairs. 

4. 6. Anthers. 

6. Cross section ovary. 

9. Longitudinal section ovary. 

Hizo; 1, 2, 3, greatly enlarged; 4, 6, lOOn; 6, greatly enlarged; 7, Sn; 8, 40n; 

9, 40a. 
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coat and together with M a brown marbling of the seed coat. The recessive allelo- 
morph (a) of the A gene when in a homozygous condition pioduces white flowers, 
uncolored leaf axils, green or yellow pods, white or black ‘'eyes” (never blown), prac- 
tically uncolored seed coats, and non-mdent seeds. The character ‘'indent seed’' 
should not be confused with wrinkled The former is a seed coat, the latter an 
embryonic character 

Height — Mendel obtained nionohybrid segregation with respect to height of 
plant In a reciprocal cross of the varieties Autocrat and Bountiful, it has been 
suggested (Kechle and Pellew, 1910) that the mheiitance of the character tallness 
involved two factor differences, one foi length of internode and one for thickness of 
stem On the other hand, White (1918) found height of plant dependent upon lengtli 
and number of mternodcs He explained his results on the basis of two genes for 
length and three for number of internodes The results obtained by I'edin and Tedin 
(1923) m general corroborated those obtained by White 

Earhness,— The number of steiile nodes below the first flower mfluen<H‘s eailirusss 
as has been pointed out by Wellensiek (1925/>) Tedin and T('din (1923) found one 
main factor and several modifiers for number of steiilc nodes, lloshino (1915) and 
Wellensiek (1925?>) both explain the mheritanee of earhness on a two-factor basis 

Bloom — Many strains of peas have a wax-hke covering extending over nearly 
the entire surface of the stem and leaves. This glaucous condition is a dominant 
character and its mheiitance is contiolled by a smgl(‘ gene. 

FafiCiatwn is a recessive chaiacter that is appaiently controlled by a singhi-factor 
difference 

Chlorophyll -^G vqqil foliage is dominant to yellow and apparently controll(‘d by 
a single gene At the Svalof Experiment Station, progcni(‘S of single plants hav(i on 
several occasions produced 3 gieen* 1 white seedlings (Tedin unpublished data). 

Leaf Chatacters — Several loaf characters which give monohybrid S(^giegation in 

have been reported. Reduced stipules (Pellew and Sverdrup, 1923), non -t<‘n drilled 
loaves (White, 1917), dentate leaf margms (WellenHi(‘k, 1025^), tind grey spotting of 
the loaves (Tedin and Tedin, 1925) arc each controlled in tlieir hdunattuice by a single 
factor difference 

Keeled mngSj an abnormal flower character reporf,(‘d by Pellew and Sverdrup 
(1923) owes its expression to a recessive gene. 

P^ ChaiacbcTH, — Pods with a blunt apex are dominant to pods with an aciii,o apex 
and their inlieritance is host explained on the basts of a single-factor difference. 
Wellensiek (19256) and White (1925) found normal, straight pods ineomplotely 
dominant over “upward curved” pods The segiegation obtained indicated mono- 
hybrid inheritance. The most thorough genetic analysis of th<i cliavacUir “parch- 
mented pod” is that made by Wellensiek (19256). 'llio results are explained on the 
basis of two factors, P and V, P alone produces a very thin parch mmit membrane but 
with y it produces a thick membrane. Vilmorm’(1910) and Nohara (1918) obtained 
similar results In the Ft generation of certain crosses a ratio of 9 plants with parch- 
mented pods . 7 plants with non-parchmented pods wiis observed. Wellensiek (1025<j) 
also made a genetic analysis of thickness of pod wall. The character thin wall was 
found dominant to thick wall and dependent for its oxpiossion on a single gene. 
The inheritance of pod color is best explained on a monofacdorial basis with green 
dominant to yellow. 

Seed Ctoacim.— -Mendol found yellow cotyksdons dominant to green and depend- 
ent on a single factor difference for its expression. White (1017) reported a recessive 
yellow cotyledon color. Smooth seed (cotyledons witli low water absorption capacity 
and simple oblong starch-grams) differs from wrinkk^d s(»ed (cotyh^Ions with high 
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water absorption capacity and round split starch grains) in one genetic factor with the 
former character dominant. The character known as “chenille’’ ?‘.c., the tendency 
for peas in the same pod to stick together, is recessive and monohybrid in its 
inheritance. 

Linkage . — Evidence of linked inheritance in peas has been obtained ])y several 
investigators although to date there is but one linkage group which is known with 
certainty to contain more than two factors. Wellensiek obtained evidence that the 
genes B (purple flower color), Cp (straight pod), and Bt (Blunt pod apex) are linked 
and also that the genes Gp (green pod), Cp, and N (thin pod wiill) arc linked. These 
two groups were subjected to a three-point test and it was found that in both cases 
the results agreed very well with those which have been obtained in Drosophila and 
corn. Since the factor Cp is common to both linkage group? one would of course 
expect that all the factors are carried in the same cliromosomci. (k^rtain other factors 
which are thought to be located in this chromosome have givcm rather puzzling results 
and more evidence is needed to clear up the matter. Kii]>pert (1924) studiiid a hybrid 
which segregated with respect to ten character-pairs and found that- only tvv'o pairs 
were inherited as if they were linkc^l. Kappert attribut<‘s his results to a high per- 
centage of crossing-over in peas. Ilammarhmd, whose inv(\stigtitio!i is n^vkwi^d by 
Wellensiek, in one instance found two factors that closidy litikc'd and in another 
instance these same factors slmwod independent inheritane.?'. On tlu^ whole it seems 
as if linkage relations in peas werti somewhat (iompHcated and much morcj evidemjc 
is needed before trustworthy conclusions may be niached. 


BEANS 

Some Classification, Cliaracters. — The species^ of garden beans most 
commonly grown are Phaseolus vulqaru and P, lunatm. The former is 
divided, into snap and shell beans, although there is some overlapping in 
these groups. Shell beans are sometimes used as snap beans aiid viev. 
versa. Time required to matuin, habit of growth, whether climbing or 
bush, and size of plant arc characters always described by commercial 
seedsmen,^ Length of bearing period is also an important character. 
Commercial growers sometimes desire varieties which may be harvested 
in a few pickings but for the home and general gardener, a varic^ty with 
a longer bearing period is usually preferred. Size and sha}>e of pod, 
number of seeds per pod in the case of snap beans, <iuality and color of 
the pod, are used in classification; with snap beans, stringless, fleshy, 
fine-grained pods are most desirable. The case with which dry shell 
beans may be thrashed is of economic importance. In this group, 
color, size, and shape of seeds are usually included in varietal descrip- 
tions. Both productivity and disease resistance may differ strikingly 
in different varieties of beans. 

^For a discussion of the classification of garden beans and a description of varieties 
see Teact, W. W., American Varieties of Garden Beans, U. B. Dept. Agr., Bur. Plant 
Indust. Bull, 109, 173 pages, 1907; Jaevts, 0. D., American Varieties of Beans, Cornell 
Agr. Exp. 8ta. BuU. 260: 149-255; 1908. * ^ * 
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Inheritance. — Genetic studies of the garden bean have been somewhat 
less extensive than those of the pea. Several investigations dealing with 
the inheritance of color, size characters, and disease resistance have been 
reported. 


Seed Coat — Seed-coat color has been shown by Shaw and Norton (1918) to involve 
several factor differences. The work was carric^d on with 21 varieties inchidinj^ more 
than 40,000 plants. Crosses ])ctween mottled and self-colored varieties yiedded mot- 
tled beans in Fi and showed 3 : 1 ratios in /-'h. Mottled X white varieties gave mottl(*d 
in Fi, and in F 2 the ratio of 9 mottled: 3 self-colored: 4 white usually r(isulted. It was 
demonstrated that pigment patterns and pigment colors wore controlled by distinct 
factors. All plants with white or eyed beans bore white flowers while plants with 
mottled or self-colored beans usually bore i)ink flowers. 

More recently, Sirks (1922) has investigated thcj inheritance of seed-coat color in 
P. vudgai'is and P. multifiorus. Light mottling was found rec<Ksive to hhu5k mottling 
and also to solid black. White l)chavod as a recessive (djara(d(jr. In senne cases, 
segregation obtained with respect to color was siniide aiul in othcir cases more complex. 
On the basis of his own and other work, Sax makes tlie following factorhil explanation 
of seed-coat inheritance. 

P is necessary for pigmentation 

T, an extension factor for total pigmentation, the r(‘(‘.(‘Hsive of whi(di results in a 
partially pigmented or eye bean 

Y and Z arc factors in the same chromosome whi<»h togcth(T result in mo(,tling, 
Y and Z may also exist separately in non-inottlod beans and, when brouglit togct.h(U' 
in crosses, give mottled beans which seldom, if ever, become*, homozygous for mottling. 

Other factors control type of mottling and color of pigmentation. 

Height . — The inheritance of stature in beans, as in peas, is in some crosses despond- 
ent on a single factor difference while in otlicr crf)wses several factor differencK^s are 
involved. Emerson (1916) has explained the result of crossing a tail-pole (indetermi- 
nate growth) bean and a short bush (detenninate growth) hc^an or a short pole bean 
and a tall bush bean, by a three-factor hypothesis. Tlie following values to bo uddcMl 
to an initial value of three intemodes wore assigned to the faciors: Factor A either 
homozygous or heterozygous added ten intemodes approximately, while factors B ami 
C each added two intemodes when homozygous and oxkj when heterozygous. UcsultB 
wore explained factorially as follows: 


Parent 1 AABBCC =* 17 intornodes or AAhbcc - 13 intornodos 

Parent 2 aahhcc = 3 intcniodcs or aaHBCC ~ 7 intemodes 

Fi AaBbCc ~ 15 intemodes or -4 - 15 intemodes 


Many new forms would naturally bo produced in 


Fio. 05. — Flower structure of beaix. 

1. Small branch showing — a, dovoloping pod; b, c, flowers in different stages of 
development. 

2. Front view of fully opened flower — a, <uilyx; 6, wing; Ct standard; d, keel. 

3. Enlarged keel, 

4. Kocl with out.er part broken away to show — ?>, style; c, anther; d, undeveloped pod; 
e, ovary, 

5. 6. Longitudinal and cross section of pod. 

7. Enlarged stigma showing — a, stigtna hairs. 

, 8. Anther, 

Size: 1, n; 2, about 2n; 3 to 8, greatly enlargod. 
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Flowers, Pods and Seeds,— Tschoimok (1916) lias biought togothot and sumniarizcd 
the data on the inheritance ol economic characters in the gaidon bean Table 
LXXXV is made up from his summary 


Table LXXXV — Inheritance in the Bean 


Contrasted chameters 

Fi condition 

behavior 

Colored X white fflowcis) 

Colored 

8 1 

Green X yellow (unnpc pods) 

Green 

:i 1 

Non-constneted X constnoled (pods) 

Non-eonstiinted 

n 1 

Round X flat (pods) 

Round 

1 

“Non-stnngincss” X “stnngy” (pods). 

Intermediate or approaching 
non-stiinginess 

Stnngv ptxls reressivo (1 
out of 1 ) 

Blunt X sharp (pod ends) 

Approaches blunt 

Apiuoaehes IJ 1 

Broad X narrow (pods) 

Approaches broad 

Segrt‘g{itir)n irregular 

Long X short (pods) 

Approaches long 

Segregatum irr(‘gular 

Cylmdneal X spheneal (seeds) 

Approaches cylindrical 

Segregation, irregular with 
spherical seeds const ant, 

Cylindrical X kidnoy-shapod (seeds) 

Approaches cylmdneal 

Segregation irn^guLir with 
kidney-shaped si'cds eon- 
stunt 

Yellow X green (cotyledons) 

Yellow (appal ent on erosst^d 
seed) 

3 1 (segiegafion apparent 
oil Fi filants) 


Linkage, — The number of diploid chromosorn(\s in P. vnlgans and /*. lumtw, as 
determined by Karpechenko (1925), is twenty-two. Borne interesting oases of linkage 
between seed-coat colors and size of seed have been reported by Sax (1923, 1921). 
In a cross between Improved Yellow Eye and Small White, the gcnerat.ion showed 
simple 3:1 ratios for pigmented vs, white, mottled vs, self-colored, and eoniplet<ily 
pigmented vs, partially pigmented or eyed. The white s(‘gr(‘gateH we.re lighter in 
weight on the average than the pigmented segregates, ihus indicat-ing that sonni of the 
differences m average seed weight arc dependent on size factors inherited in a simple 
Mendelian manner. The discovery of this linkage lolationship is of considerable 
importance as it shows that a quantitative character may be inherited in the same 
way as a qualitative character. 


TOMATO 

Classification* — The tomato belongs to the genus Lycopersicum, of 
which there are several cultivated species. Tomatoes are classified on 
the basis of vine habit, either standard or dwarf, loaf type, period of 
maturity, size and color of fruits, and other characters. As a result of 
breeding experiments, many different combinations of characters have 
been made. A classification of tomatoes based on the inheritance of 
fruit shape has been suggested by Warren (1923). As a result of crossing 
several varieties two complimentary factors governing depth and two 
other complimentary factors governing non-fasciation of fruits were 
discovered. 

Inheritance* — Price and Drinkard (1908) wore among the first 
investigators to report on the simple Mendelian behavior of certain 
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tomato characters. Several genetic studies of this important vegetable 
have been made since, some of which are mentioned below. 


Miscellaneous Characters. — Table LXXXVI, taken from similar ones oornpiled 
by Tschermak (1916) and Jones (1917), presents a brief summary of inheritance in the 
tomato. Fruit shape is dependent on several factors according to (.irane (1915), 
Groth (1912, 1915), and others. Some of the foliage chanictcrs arc also somewhat 
complicated in their inheritance (Groth 1911). The inheritance of (sach of the other 
characters listed in the table is dependent on single factor differences, the Fa scignsga- 
tion ratio being 3: 1. 

Heterosis in the Fi generation of certain tomato crosses and its commercial possi- 
bilities for increased production have been pointed out by Wellington (1912), Hayes 
and Jones (1916), Frimmol (1926), and others. Groth, of the New Jersey State 
College Experiment Station, made a study of size inheritance in the tomato fruit. 
The results are explained by what the author (1914) terms “ Golden mean.” If a and 
b represent the respective magnitudes or volumes of size nharaciters of tln^ pareiits, th(! 
the Fi is represented by Vab rather th.an (n + b)/2. This hypothesis was put forward 
as non-Mcndelian and in explanation of results in size inhoritaiute frecpiently attrib- 
uted to multiple factors. Emerson (19Ub) has shown (hat the hyi)oth<-sis is essen- 
tially based on multiple factors. The studies of Frimmel (1922) and Myc'rs (1924) 
also indicate that the inheritance of sizfs of fniit in the tomato is somewhat 
complicated. 


Table LXXXVL— Inhetutanor of CiiAitAfiTWHS in the Tomato 


Characters 


Bomiruint 


Recess iv<^ 


Fruit shape 

Fruit shape 

Loculation of ovary 

Eudocarp color 

Epicarp color 

Fruit surface 

Leaf margin 

Leaf type 

Leaf color 

Inflorescence type 

Vine habit and leaf surface. 
Height of plant 


Spherical 

Roundish conical 

Two-loculed 

Red 

Yellow 

Smooth 

Serrate (nonual or fine 
leaf) 

PimpincUiJolittm type 

Green 

Simide 

Stamlard, sniooth 
Tall or normal 


Rsar-shapi'd 

Rouiidinh (‘omprcsw*,d 

Many-iocukid 

Yellow 

C‘)olorl(ias 

Piilicsoeut 

Entire (ixitato or coarse 
leaf) 

lUmiknium type 
Yellow 
(JompOtiml 
Dwarf, rugose 


Linkage. — The diploid inmxbcr of chromosomes in the tomato is 24 and iherc^fore 
one would expect to find not more than 12 linkage groups. I.iCsloy and Mann (1025) 
have reported two cases of triploidy. The plants appeared normal with the exciipiiou 
of a tendency toward gigantism. The fruit of the triploids were small and contained 
few seed. 

It has been pointed out by Jones (1917) that the data of Hedrick and Booth 
(1907) and Price’ and Drinkard (1908) show linkage relations between the factors for 
vine habit and fruit shape and also between those for leaf color and loculation of ovary. 
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An interesting case of linkage between the inheritance of color and size of fiuit 
has been studied by Lmdstrorn (1926) There are two main factor pairs which govern 
fruit color in tomatoes, Rr and Yy. The dominant R factor prodiicfjs rod fit^sh and 
the recessive r yellow flesh The dominant Y pioduces yellow pigment m the epi- 
dermal cells and the lecessive gene y gives a colorless condition in these cells These 
two factors pans are inherited independently but the Yy factor pan is closely linked 
with size of fruit. The relationship is shown m Table LXXXVII, taken from 
Lindstrom 


Table LXXXVII — ^Linkage between the Inheritance of Size and Color of 
Epideriviis op Fruit in the Tomato 


Name 

8kin color 

Diffeienees 

Yellow (F) 

OoloileBs (//) 

N 

Average weight, 
grams 

N 

Average weight, 
grams 

Red cherry (RRYY), 


7 3 ± 0 3 




Golden Beauty (rnjy) 




166 5 ± 6 4 


Fa generation 

75 

23 6 + 0 G 

21 

38 3 ± 2 1 

14 7 12 2 

Fi X Golden Beauty 

33 

51 2 ± 2 0 

27 

79.2 + 28 

28 0 + 3 4 


The average weight of the fruit of the Fi generation of the cross was 23 9 ± 0 4 
grams which indicated a partial dominance of small fniit. Both the Fa genera- 
tion and the backcross with the Golden Beauty parent show a marked association 
between the y genes and relatively large fruit 

Evidence is also given which indicated that possibly there was some linkage 
between the mhcntance of fruit size and the Rr factor pair. 


PEPPERS 

Classification Cliaracters and Inheritance.— Garden peppers which 
are commonly gi*own for pickles or for condiments belong to the species 
Capdeum armuum. ^ From the standpoint of their utilization as food, 
peppers may be divided roughly into two gi-oups— hot and mild, depend- 
ing on flavor. Mild peppers are frequently used green for slicing or 
stuflSng, whereas hot peppers more often serve as a condiment in spice 
mixtures. Number of days to mature is usually given by seedsmen in 
describing varieties. Color, size, shape, and uniformity of fruit are 
other important commercial characters. 

A limited number of inheritance studies with this vegetable have been 
made. Webber (1911) and Ikeno (1913) report the behavior of certain 
characters in the second generation after a cross. Below is given a 
tabular summary of a part of the results obtained. 
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Table LXXXVlll. — Inubuitancb in the PErPER 


Contrasted characters 

Fi condition 

behavior 

N/ -arTii+.P 

Violet (considerable 
variation in amount of 
violet coloring) 
oring in leaf-stem and ripi 
f and stem except for a d; 

Non-umbel 

Red 

Less hairy than hairy 
parent 

Pungent 

3:1 

e fruit. 

Ark spot near attach- 

3:1 

3:1 

15 pubescent: 1 
non-puboscent 
Approx. 3 : 1 

Violet flower associated with violet col 
White flower jissociated with green lea 
ment of petiole. 

Umbel X non-umbel (inflorescence)... 
V fruit) 

Pubescence X non-pubescence (stems 
and leaves) 

Pnn(rpn+. V SWect (flllit) 



In the inheritance of size of leaf, Webber ol)taine(l resultf? which 
clearly indicated ,that several factor differences were involved and a like 
result was obtained by both Webber and Ikeno with roKard to size of 
fruit. The character of the peduncle, whether erect or recurved, was 
found by Ikeno to be dependent on a single factor difference, erect being 
the recessive condition when the fruit had ripened. During the flowering 
stage and early development of the fruit the heterozygous individuals for 
this character-pair showed dominance for the erect peduncle. 

CROSS-FERTILIZED VEGETABLES 

Cross-fertilized vegetables may Iks roughly divided into three main 
divisions: 

1. Those which arc normally cross-pollinated but which sot seed 
freely on selfing and show little or no evidence of sterility. 

2. Those which are wholly or partially self stiirilo. 

3. Those which are cross-fertilized owing to the dimeious condition. 

Much more study of the mode of pollination of vegetables is niscessary 

before it is possible accurately to classify vegetables according to their 
mode of reproduction. Illustrations are given here of breeding methods 
and results obtained for the different groups. 

Some Illustrations of Methods and Results of Breeding. — The breed- 
ing of cabbage resistant to yellows {Fumrinm congluH'nann Wollenw.) 
at the Wisconsin Experiment Station (Jones and Gilman, 1916) is of 
great economic importance. Ijoss than a decade ago, truck farmers in 
certain sections of Wisconsin were so discouraged from the ravages of 
yellows that they were about to abandon cabbage growing. The method 
of producing resistant cabbage strains may bo briefly suitiRiarized. It 
had been noticed that there were usually a few plants which escaped the 
disease in a field where nearly all plants were badly infected with the 
organism. These apparently resistant plants were selected on the basis 
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of type. After storing over winter, all that wore of the same general 
type were planted together and were far enough removed from any other 
similar planting to insure against contamination by foreign pollen 
Selfed seed was not obtained but most plants not bagged set seed abun- 
dantly. Some plants were eliminated because of low seed production. 
Progeny of the retained plants were grown separately and their resistance 
to yellows was tested. In this way several strains of cabbage highly 
resistant to yellows have been produced. Further studies have been 
reported and numerous resistant vaiietics have been produced (Jones 
et at , 1920) . The writers emphasize the fact that resistance is not absolute 
and that environmental factors influence very markedly the develop- 
ment of the disease. They state, however: 

By following the proper methods any skilful cabbage grower who has 
Fusarium sick soil may either undertake with reasonable coniidcnco to develop a 
resistant strain of his own, or having secured one of these resistant strains he can 
maintain its resistance and produce his own seed. 

Mass selection is often used in breeding beets. Only those roots 
which come up to an adopted standard are stored over winter and set 
out the following spring to become the seed-producing plants. Carrots 
and parsnips, when bred by mass selection, arc handled in a similar 
manner. Although varieties of any one of the crops, beets, carrots, or 
parsnips, freely intercross, there is no crossing between the three different 
kinds of vegetables (Malte and Macoun, 1915). This fact may be utilized 
in making planting plans. 

Line or family breeding has been used also in the improvement of this 
class of crops. In this method, progenies of individual plants are studied 
and pollination is controlled partially by planting material of a similar 
nature in the same plot. 

Breeding sugar beets by controlled pollination was begun at Hvalof, 
Sweden, in 1914, and the first really successful isolations wore harvested 
in 1916 (Nilsson, 1922, 1923).^ 

The percentage of hnes breeding true for morphological characters 
or only segregating in one character after the finst selfing was about 45. 
In general, the selfed lines gave a somewhat lower yiedd than the standard 
sorts, although a number of them proved to bo as high yielding after 
five generations of selfing as the best of the normally pollinated varieties. 
In many hundreds of investigated beet and mangel strains, less than 5 
per cent showed signs of so-called degeneration. Fertihiy was inherited 
and strains with high self-fertility produced larger and better developed 
seeds than partially self-sterile strains. 

Eadh botanical species of the Cucurbitacece constitutes a freely inter- 
crossing group of varieties. The flowering habit encourages cross- 

1 From summaries made by G. NmssoN-LisissNBK. 



BREEDING OF VEGETABLES 


341 


fertilization. In spite of these facts the authors believe that in some cases 
progress may be made by breeding methods recommended for self- 
fertilized crops or more specifically for crops which yield ample seed on 
solfing. When such a plan is adopted for naturally cross-fertilized crops 



00.— A strain of llul)t)fi.r<l siiuash isolafrd by self-rortiliziilion which is comi>arnUvnly 
uniform tor tlu- prociuotiou of largo f niits of uniform shaiu*. Miiim.'sota Exp. hta. (Goar- 
tcay of BuaknoU.) 

it bccomos necessary to insure selfing by artificial means. By reducing 
ordinary varieties to pure linos, a much mort! exhaustive study of the 
material at hand may bo made, and on the basis of this study desirable 
combinations obtained by hybri<lization or pure lines of eoimnorcial 
value may be isolated. The method which is adopted after the isolation 



Ifto. 67 .— A small fruited strain isolated from a commorciol variety of Hubbard hhuiwU by 
Bolt-fortilwation. Minnoeota Bxp. Bta. of BmhnelL) 

* 

of homozygous lines through self-fertilization will depend on the de^ee 
in which vigor is lost as a result of solfing. lielatively homozygous lines 
have been isolated in squashes by Bushnell (1922) of the Minnesota 
station, and by Sinnott and Durham (1922) of the Connecticut Experi- 
ment Station. Some lines which are comparatively uniform appear 
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vigorous while others are less vigorous. Types for markedly different 
characters which are relatively uniform have been isolated. 

In some cases, varietal crosses have been used as a means of producing 
improved sorts. One of the most serious handicaps to the production 
of watermelons in the Southern States is the presence of wilt, due to an 
organism, Fusarium niveum, Citron or stock melon, so-called 
locally, is a non-edible variety of CttruUus vulgaris resistant to wilt. 
Orton (1911) conceived the idea of crossing this form with edible forms. 
He hybridized Eden, a good quality melon, with citron. The Fi was 
very vigorous and of intermediate type. Between 3,000 and 4,000^2 
plants were grown and 10 fruits selected on the basis of resistance and 
quality. After selecting the resultant progeny for several years the 
variety Conqueror was isolated. It is disease resistant, has a tough rind, 
and does not sunburn easily. The flesh is juicy and of good quality, 
although not equal to the finest. These studies were made in South 
Carolina. It was found that Conqueror retained its resistance when 
grown in Iowa but seemed to lose it when grown in Oregon, on the Pacific 
coast. It is possible that there are physiological forms of this disease 
similar to what have been found for other diseases. If such is the case 
the differences in susceptibility under the two conditions would result 
from the presence of different physiological forms of the pathogene. 

Asparagus (Asparagus officinahs) is dioecious in habit of flowering 
although hermaphrodite plants have been discovered (Norton, 191 1- 

1912) . With this vegetable, cross-pollination is usually necessary for 
seed production. 

The fungus, Puccinia asparagi, has occasioned a great deal of alarm 
among commercial asparagus growers, particularly those of the eastern 
United States. This rust differs from that occurring on the small grains 
in that all stages of the rust occur on the asparagus plant. At the invita- 
tion of Massachusetts growers, the United States Department of Agri- 
culture, in cooperation with the Massachusetts Agricultural Experiment 
Station, undertook to produce a resistant variety. Norton (1911-1912, 

1913) has reported on this mvestigation. Because of the dioecious habit 
of asparagus it was necessary to select two kinds of plants — male and 
female. Selections w;erc based on rust resistance, z.c., only plants which 
showed a high degree of resistance were chosen. In 1909 the first test of 
the transmission of relative rust resistance was made. Twelve lots 
saved from as many plants showing various degrees of rust resistance 
were planted in duplicate in short rows. After the young shoots appeared 
they were dusted several times with fresh uredospores. Later in the 
season observations were made on the degree of infection. The results 
are given in Table LXXXIX (Norton, 1913). 

Table LXXXIX shows clearly that rust resistance is inherited. 
Various artificial crosses were made between forms showing rust resist- 
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The orogeny of some of these crosses proved highly resistant 

ZTia IZ wL more msista. than the pamnte. By tUe method 

several strains of asparagus with a high degree of resistance have been 
nroduced. In the production of a new form a male plant obtained m 
SlO from a lot of New American of unknown origm proved of marked 
ability in transmitting vigor and rust resistance to the progmy. e 
fe^le plants known as Mary and Martha were selected from the variety 

Table LXXXIX.— -Transmission of Rust RESisTA>rcE in AsPARAcms 


Row 


Source of seed 


Type of plant 


Rank seedlings in 
resistance 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 


yll-G 
A3-61 
A4-7 
A4-17 
A7-5 
A7-15 
A7-25 
R24-27 
R24-28 
Old field 
Old field 
Frank Wlicol<ir| 
I old bed 


Badly rusted, near rusty IxhI . 

Very resistant female 

Hesisttince good 

R(isistance fair 

Rosistanee j^ood 

Resistance good * 

Resistances good 

Very rusty 

Very rusty 

Rusty 

Rf^sistant 

Btsst rc^siHtant female 


First 

Second 

Average 

lot 

lot 

7 

9 

8.0 

0 

5 

5.5 

3 

7 

5,0 

10 

H 

9.0 

4 

3 

3.5 

2 

4 

3.0 

5 

2 

3.5 

11 

10 

10.5 

9 

11 

10.0 

12 

12 

12.0 

S 

C) 

7.0 

1 

1 

1.0 


Reading Giant. Two or three other females have been selected and the 
SSsId^eed obtained from these plants h.s been 

under the name Washington asparagus (Norton, 1919). Some of these 
strains are now being offered for sale by commercial seedsmen. 

* Norton suggests the following method for breeding aspara^: after 
two mated plants have proved their value by the womy 
should be dug up and propagated by crown division. These don^ are 
isolated together and retained exclusively as breeding stock. Isolation 
may be accomplished by a fine-meshed cage to prevent the entrance of 
bS or by pelting at a safe distance from other beds of asparagus 
Seducing s^d in a greenhouse by hand poUination also has been found 

Ito ta dimeiou. but, uuliko 

and pistillate plants do not occur m approximately 
(ZwaL, 1926). In addition to staminate and pistillate plants, her- 
maphrodites also occur. One strain was obseiwed 

per cent staminate plants. CUmatic conditions seem to mfluence the 
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relative frequency of occurrence of staminate plants. A strain has been 
isolated by Zwann which is apparently a pure hernaaphrodite. 

As a result of crossing Manchuria with Savoy, a new variety (Virginia 
Savoy) of spinach which is resistant to mosaic has been produced (Smith, 
1920, 1921; Geise, 1924). In addition to disease resistance this new 
variety possesses desirable market qualities. 

INHERITANCE OF CHARACTERS IN CROSS -POLLINATED PLANTS 

RADISH 

Origin, Inheritance, and Breeding. — The cultivated radish, Raphanm mhvus, 
was grown by the ancient Greeks and Romans. There has been conHiderable discus- 
sion as to its origin Some writers have thought that the cultivated form with its 
fleshy root aiose directly from R raphamstium This belief was apparently sub- 
stantiated by experiments in which the wild form was grown under cultivation and 
after several years cultivated radishes weie obtained Riolle (1914) tested this 
hypothesis by a controlled expeiiment. The wild fonn was grown under cultivation 
and self-fortilized Three years of sel(‘ction failed to produce roots whudi r(‘s(im}dcd 
the fleshy roots of R. mhvm On the other hand, whim the wild and cultivated forms 
were both grown on the same plot and seed was saved from the wild form, it was found 
to be an easy matter, after three yoais’ selection, to obtain loots whi<*.li nwunblcd the 
fleshy roots of R. satuus These rchults w'ere believed to be due to natural crossing of 
the wild and cultivated forms This hyjio thesis was tested by making an artificial 
cross. Segregation for root condition occurr(‘d in Fi, This UhI Riolh* to conclude 
that former experiments in whudi .cultivated ladishos w(‘re obtained from the wild 
through selection wore best explained through natural crossing. 

A successful cross was made lietweon R. aativun 9 and Hmmm oleracm cf by 
Karpechenko (1921). The Fi generation bred inter .s‘c as well as back-iTossed with 
each parent piov'ed wholly steule. Mitosis apparently took place m a normal 
manner but at mciosis the chromosomes failed to pair and were distribut<id at random 
to either pole. 

R, satunis roots contain sugar while wild roots contain no sugar. Ft (jrosses 
contain less sugar than the cultivated forms. The prcwuice of starcli in the root of 
the wild radish, particularly in the bark, is a character whic-h separate it from the 
cultivated varieties. This proved a dominant m crosses. Cultivated radishes show 
various color mtonsities. Color is apparently inherited m much the same manner 
as in other crops. Individual radish plants were grown under cover by Riolle and 
self-fertilized seed was produced in abundance. This led Riolle to suggest that homo- 
zygous strains be first produced. These would then furnish material for ac<jurate 
inheritance studies as well as be of much value for economie. breeding purposes On 
the other hand, Stout (1920) has stated that there is c-onsulerable st‘lf-Htorility in 
the cultivated radish. Up to the present, mass selection has been most frequently 
used as a means of bxeedhig radishes (Tschermak, 1916). 

BEETSi 

Both garden beets and sugar beets belong to the species Beta vidgarif^, Kajanus 
(1913) made a study of the inheritance of root fonns in mangels and sugar beets. 

1 In a recent monograph, Yilmoiin (1923) has presented the results of a study of the 
origin, history, classification, and genetics of the cultivated beots with particular 
reference to the sugar beet. For a detailed study the student is referred to this 
monograph. 
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In general, the F\ root, a were intermediate between the parental forms. Sugar beet 
crosses in which wedge-shaped forms were involved proved to be exceptions. Wedge- 
shape was completely dominant over walnut-form and also over long, somewhat slen- 
der roots (post-shape). The other beet shapes studied were oval and round. Most 
of the ratios obtained in /'’a could be satisfactorily explained on the basis of four 
factors — two involving length of root and two concerned with form. 


CULTIVATED VEGETABLES OF THE GENUS BRASSICA 

Cabbage and several other vegetables such as cauliflower, brussels sprouts, kohl- 
rabi, and rutabagas, belong to the genus Brafsi>%ca. Few inheritance studies h|ive 
been made with this group of vegetables. Cabbage has received more attention from 
a breeding standpoint than tluj others. 

Tschermak (1910) maintains that many of the kinds of vegetables belonging to 
the cabbage group freely intercross when in close proximity at blooming time. A few 
Brassica crosses have been reported by llagionieri (1920). Vigorous first-generation 
hybrids were obtained from crosses between white turnip, B. rapu, and CJhinese cab- 
bage, B. chinemitt var. Po-tsai. On the other hand, crosses between the latter and 
some of the other Bras.sicas .set no sficd. 

Price (1911-1912) and Jones and Gilman (1915) were not able to produce .self- 
fertilizcid seed undcir a bag. Tschermak (1916) maintains that many of the kinds of 
vegetables belonging to the cabbag(i group fnjoly inUsreross whem in close proximity 
at blooming time. The above facts arc fundamental and show tlie mcstliod of ])reed- 
ing which must be used. They may also aid in explaining some unusual inheritance 
results. 

Price crossed variotic^s of crinkled-leaf and srnooth-htaf cabbage, obtaining domi- 
nance for crinkhid l(jaf in Fi with no sc^gregation of this character in Fz, i.e., all plants 
(419) Imd crinkhd leaves. With respect to shape, and solidity of lioads, color of 
foliage, and length and thickness of stem, considernbhi more variability was obbiined 
in Fz than in Fi. The segregation among the progtiny of a natural hybrid obs(‘i*v(id 
by Kristofferson (1921) indicated dihybrici inlutritaiuH} with respect to color of midrib, 
but more complex inhoritaiKXi with respect to other characters. In some (5as(j.s trans- 
gressive segregation was obtained. Borne strains of cabbage when sown in late July 
or early August will, produce good solid heads tlie following spring; on the other luin<l, 
certain strains when grown under similar conditions will flower and not produce heads. 
Evidence was obtained by Hutton (1924) which indicahul that the tendency to form 
seed the second y(‘.ar was inherit(Ki as a simple recessive (jharactor. In a cross b<;tween 
a crinklcd-lcaf cabbag<) and a cauliflower, Price oI)Scrv<^d that the thick, h^atliery leaf 
of the lattcir was dominant in Fi rmd was the only apparent leaf churn, cteristi<', in Fz. 
Hoad cabbage crossed with ht^adless cabbage produced nothir^gbut head(id forms both 
in the Fi and Fz generations. As to type of head, the cabbage or leafy form was found 
to be dominant over the typo of head of the cauHflowcir. In Fz the cabbage luiml fonn 
was maintained without apparcjn t seg Wigation . (/rosse.s 1 >0 tween cabbages and 1 >ruHs(dH 
sprouts gave Fi and Fa generations identical with respect to habit of growth, i.e„ 
'all were dotcrminatc. Axillary buds were more common in the hybrids than iri 
ordinary cabbage. Tlie thick stem of kohl-rabi was found to bo dominant in a kohl- 
rabi-cabbage cross and a limited number of Fj individuals showed no segregation of 
this character. 

Sutton (1908) crossed reciprocally kohl-rabi and Drumhead cabbage, obtaining, 
in Fa, 3 non-kohl-rabi plants: 1 resembling kohl-rabi. The parental fonns did not 
appear in the Fa generation. Drumhead cabbago crossed with thousand-headed kale 
produced 204 plants in F#. Of these, 170 resembled a dwarf type of thousand-headed 
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kale with leaves broader than nHual and fcwoi branches, 20 resom])lcd ca})bago, and 
2 plants were much like biusscls spiouts 

The difficulty ol a study ol inheritance m the Bianuca genus aiiscs Irom the 
heterozygous condition of many lot ms and the self-sterile condition. Befoie the 
lesults aie accepted as examples ot non-Mendelian beliavioi, a critical study in which 
all facts aie consideied should be made In cabbage there is appaiently a eomplicat(‘d 
inheritance The above results are satisfactoiily explained on a multiple-factor 
hypothesis In crossmg heterozygous lorins, the Fi geneiation may b(' as varialde as 
the F'l generation In the inheritance of any particular character, the number of 
factor diffcrcnices may be so large as to make the appearance of parental forms improb- 
able m a small F 2 generation. 

ECONOMIC CUCURBITACEiE 

Introduction and Classification —The family (Incnrbitacem is of 
considerable historical interest. Sag^eret (182()) and Naudin (1856, 
1859a, 18596), two pre-Mendelian workers, made extensive hybridization 



Fig 08. — Structure of flowers of sfiuash. 

1. Fomalo flower — a, corolla; 6, calyx; c, fruit. 

2. Miilo flower 

3. Male flower with calyx and corolla romovod. 

4 Female flower with (Jtilyx and corolla removed showing— a, stigma; h, style; c, point 
of attachment of calyx and coi<dla; d, undeveloped fruit. 

6, 6. Longitudinal and <‘ro»s sections of fruit. 

Size: 1, 2, 3, 4, 

studies with some species belonging to this family and Naudin made a spe- 
cies classification on the basis of genetic behavior which is accepted at the 
present time.. All the forms which cross readily were placed in the same 
species group. 
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C ucimiU sativuH — Cucumber 

CucmnU mdo — Muskmelon, cantaloupe 

Cucurbita pepo — Pumpkin, gourd, summer squash, and varieties of 
winter squash. Peduncle hard and ridged. 

Cucurbita maxima — ^I^arge field squash and winter squash. Peduncle 
soft and fleshy. 

Cucurbita nioscJiata — Squash. Little grown in United States. Pedun- 
cle much enlarged where attached to fruit. 

Citrullus vulgaru — Watermelon, citron. 

Cummings (1904) experienced no great difficulty in crossing Golden 
Custard ( 9 ) with Crookneck (cf’), varieties of squashes belonging to U. 
pepo. The reciprocal cross proved difficult, only five out of 284 pollinations 
producing fruit with via))le seed. A histological examination revealed the 
fact that the male generative nucleus of (-ustard peneti*ated the ovary of 
Crookneck and took up a position which, in many cases, was in close 
proximity to the egg cell Imt for some reason fusion did not occur in most 
cases. 

Bailey (1890), as the result of many artificial pollinations, concludes 
'"that the field pumpkins and the summer aTid fall types of bush squashc>s 
(C. pepo) do not cross with the running squashes of the Hubbard, 
Marblehead, Boston Marrow, turban, and mammoth types (C. maxima)^ 
In the CJyclopedia of American Horticulture, Bailey (1900) states that C. 
moschata and C, pepo may be crossed artificially but it is doubtful if they 
cross naturally. Cucnrbitaccm in general arc monojcious and largely 
dependent on insects for pollination. 

The diploid numbers of chromosomes for several species of Cucurbh 
tacece have boon reported by Ivosshukhov (1924-1925). The number 
was found to l>e 14 in Cucumis mtivuft; 22 in Citrullm vulgaris; 2*1 in two 
varieties of Cucumu melo; 40 in two varietic^s and 42 in one variety of 
Cucurbita pepo; and 48 in each Cwurbita maxirnn and C. mmchata. 

Immediate Effect of Pollination. — There is a popular belief widely 
disseminated that pumpkins and watermelons should not be grown in 
close proximity because of the immediate effect of ci‘oss-pollination. A 
similar belief exists with regard to cucumbers and muskmelons. Evi- 
dence accumulated by various phmt broodors shows that this idea is not 
founded on fact. The work of Bailey at ( ■ornell and Pammel at Iowa 
may be cited. The former (1890) was unable to find any immediate 
effect of cross-pollination between varieties of C. pepo and likewise between 
varieties of C. maxima, Bailey not only was unable to demonstrate any 
immediate effect of pollen in varieties which could be crossed but ho was 
oven unable to produce crosses between cucumbers and muskmelons. 
Ninety-seven flowers of several varieties of melons were pollinated with 
different varieties of cucumbers. Not a single fruit set. Twenty-five 
reciprocal pollinations were also made. One fruit developed but pro- 
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duced no seed. The setting of parthenocarpic fruit without fcrjlization 
is not an infrequent occurrence in cucumbers. Pammel (1892) m an 
intermingled planting of varieties of each of the following species 
vvlqans, Cucumis melo, CucurUta tnaxtma, Cucu7ms saUviis, a;iidCwurMa 
vepo provided excellent facHities for mter-specific pollinations. Neither 
the watermelons nor the muskmelons showed contaminatioii. borne 
hand pollmations between species were made, but no cross-fcrtilization 

was obtained. , 

More recent investigations by Becker (1922) and Vavilov (1925) 

verify the conclusions reached by Bailey and Pammel. ^ 

The variability in flavor of commercial varieties of melons is undoubt- 
edly partly responsible for the erroneous belief that they may bo con- 
taminated by other species of cucurbits growing in close P^oxurnly 
At the Connecticut Station an extensive varietal test was made. Most 
of the varieties were of very inferior quality even though they were 
exposed only to muskmelon pollen. Even if crossing occurred, there is no 
conclusive evidence that xenia would result. 


CUCUMBER 

Welliiiaton, (1913) studied the mhontance of the following (sharacters: color, size, 
number of spines, smooth or rough skm, and obtained ialio.s indicating monohy rid 
segregation Smooth skm and small spinas, few in number, appear to bo linked 
Heterosis shown by mcreased number or size of biw been obsoived m the f i 
of certain cucumber crosses (Hayes and Jones, 1916). _ The ft of a 5 

between American type (20 per cent parthenocaipic) and hntdish typo (normally 

parthenocarpic) showed 20 per cont parthenocarpy. * jvo 

A comparison of a few American, German, l>utch, and rcnch varioliM of cuom- 
bers with respect to their relative resistance to bacterial wilt was made by Doohttle 
(1922) The foreign varieties proved much more susceptible, lux averap 
90 per cent of the plants being attacked, whereas an average of approximately 30 per 
cent of the American varieties were attacked. 


MUSKMELON 


Lumsden (19U), of the New Hampshire Agricultural Experiment Station, has 
made rather extensive studies of inheritance in the muskmelon. The tabular statement 


on p. 349 gives a summary of his work* 

These data show that all the characters studied segregated m the second genera- 
tion. There is some indication that the contrasted characters m color of skm, si^e of 
seed, size of fruit, and form of fruit are each separated by a single main factor differ- 
ence. In a cross between varieties producing round and elliptical fruits, respectively, 
the Fi fruit was recorded as round, while the F a gave the ratio of 2.76 round: 1 ol ip- 
tical. The other two characters, netting and ribbing, indicate more complex mner- 
itance Dehces de la table (cf ) has deep ribbing and no netting; Sutton s Buporlative 
( 9 ) has no ribbing and pronounced netting. The F, generation showed a variation 
of from 5 to 100 per cent with respect to each character. 
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Table XC. — Inhehitancp] in the Hlskmelotst in a Cross between the Varieties 
St?tton’s Superlative and Delicbs de la Table 


Ch.aracters 

No. of 
Fi 

plants 

Fi 

No. of 

plants 

F 2 ratio 

Color of skin 

Yellow X green 

1 

1 

Yellow 

79 

Yellow: green 

2.78: 1 

Form of fruit 

Round X elliptical 

1 

1 Round 

79 

Round: elliptical 
2.70:1 

Ribbing 

Ribbed X non-ribb(Ml 

1 

Riblxid 

79 

5~45 4(>"100 

per c(‘nt per cent 

ribbing: ribbing 
l:i.S2 

Netting 

1 


79 

5-45 40-100 

per c(5nt per cent 

Netting: netting 

1: 1 . 0:3 

Netted X smooth 

N(d.ted 

SiiSO of HO(‘.d 

1 


70 

Large: small 

2.95: 1 

Large X small 

Larg(^ 

Size of fniit 

Li'irge X small 

1 

Larg(‘. 

79 

Large: small 

2.59: 1 


SQUASHES AND GOURDS 

Emerson (1910), wliiU^ at the Nebraska Experiineiit Station, made a st.ucly of size 
inheritance in a cross betwe^on Yellow Crookne(*,k and White Scallop sumiiK^r scjujishcis. 
Ho found that length of neck and diaimiUn' of l)Owl wcn-ct hitc^nnediate Ixitween tlic 
parent/S in Fu The second g<m(^raiion showixl a complete series of <lirnciisi(>ns and 
shapes from ones paremt to the other. The sami*. inv(Jstigator (grossed Striped Spoon 
gourd with Filipino Horacd gourd, llesults similar to those of the scpiash cross wore 
obtained. 

The inheritance of several characters of CucuMta Pepo has btjcn studiixl by Siimott 
(1922) and Siniiott ami Durham (1922). White color of fniit was found dominant 
over yellow and yellow over green. The evidcjiice indicated that there were, two 
separate factors for white, a factor for yellow recessive to whiter and dominant ove,r 
green, and a rcce^ssive factor for green. A single factor differeiiccs was found between 
solid color and striping, with the former appearing in some cases tis a doniiiuint and 
in other cases as a recessive. In surface of fruit, wartiness was found dominant ovesr 
smoothness and produced by at least two indeiiendent genes cumulative in their 
effect. The inheritance of **disc'' shape (dominant) of fruit veram ^‘sphere" (reces- 
sive) was found dependent on one main factor differonco although one or more 
modifying factors may produce minor changes. Fl<^h color, too, seemed to be 
comparatively simple in its inheritance. Other characters were investigated and 
found to be definitely inherited but the exact manner of their inheritance was not 
determined 




CHAPTER XX 

FRUIT BREEDING 

The improvement of fruit crops offers an mtei’csting field of study 
for the trained investigator Many fruits are in a complex heterozygous 
condition. For this reason, and because fruits are propagated by 
asexual methods, Mendel’s law does not have hero the same value as for 
the breeder of self-fertilized crops. There are also many fruit crops 
which are totally self-sterile so that cross-pollmation, either natural or 
artificial, is essential to the production of fruit. Unlike an annual crop 
the individual fruit tree often takes many years to grow before fruiting. 
For these reasons, methods of handling are often of much greater impor- 
tance than methods of breeding It is, therefore, of utmost importance 
that the student first make an intensive study of the botanical relatives, 
methods of culture, vancties, and environmental necessities of the crop 
before undertaking breeding operations. 

ORIGIN AND ANTIQUITY OF SOME FRUITS' 

Wild fruits without doubt played an important r61e in the food supply 
of primitive man. As the art of agiiculture came to bo developed because 
of the necessity of obtaining enough food to supply the increasing human 
population, the fruit crops were gradually introduced into cultivation. 
Some of our most prized fruits, as the apple, grape, and plum, have been 
cultivated since earliest times; while others, as the strawberry, black 
raspberry, and blackberry, have been brought under cultivation since 
America was discovered. 

The wild species from which our fruits have been developed may still 
be found today. Wild plums may be found in nearly every state of the 
United States, while in central and northern Asia the wild relatives of 
apples, pears, apricots, cherries, and plums are of frequent occurrence. 

The wild crabs are found in abundance, in both the Eastern and the 
Western Hemispheres. As the cultivated European varieties gave good 
results when introduced into the United States, the breeding of apples 
has not been seriously undertaken until comparatively recent times. 
The cultivated varieties are very numerous. Our pears were developed 
from two very different wild species, Pyrus communis, the wild pear of 
western Asia and Europe, and the hard, gritty sand pear of northern 

1 A paper by White (1916) has been used freely in this discussion. 

3S0 
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China. P. communis is the source of our eating pears, such as the 
Bartlett, while interspecific crosses furnished our cooking and winter 
pears. 

Peaches were first developed in China. When one compares the 
little hard, bitter wild peach of China and our cultivated varieties the 
results of early breeding are strikingly illustrated. 

There are three groups which are commonly accepted as the ancestral 
foms of our cultivated plums: (1) The thorny wild European species 
which produces dark purple fruits about the size of a pea. These are 
the source of our prune varieties. (2) North American native wild 
plums which have a very juicy flesh without much meat. Several species 
are recognized (Wight, 1915), (3) A Chinese- Japanese wild species. 

Many of the cultivated varieties of plums are largely of hybrid origin. 


Tablk XCI. — Oricin, Probable Length ok Time of Cultivation, and Comments 
ON Some (hjLTiVATKD Fruits {ajter WhiU\ 1916) 


Name 

J >a<.o 

Origin 

JL'inarks 

Apple 

A 

10. Europe, W. Asia 

Very difToront. type (?omnion to China. 

Apricot 

A 

Cent ral Asia, China 

Wild Hpoeies variable. 

Blackberry 

P 

United States 

Wild species very variable. 

Blueberry 

P 

10. and N. North America 

Four species, often confused with 
huckleberry. 

Cranberry 

P 

10. and N. North America 

Cultivated for about 100 years. 

Currant, red 

C 

Northern Hemisphere 

White and yellow varieties are forms. 

Cherry, Hour 

li 

Asia Minor, K.IO. Europe (?) 


Cherry, sweet 

n 

S. lOurojie, 10. Asia 


drape. Old World. ..... 

A 

West t<smp«>rnte Asia 

California and Old World grape. 

CJrape, New World. . . . 

p 

North Americu 

Many probably hybrids. 

Gooseberry 

(J 

N, lOuroiM}, N, Africa, W. 
Asia, UnittU States 

Old ami New World species distinct. 

Grapefruit 

B 

Malayan and l*acifio IslundH 
<jttst of Java 

I,arg(;ly cultivated in United States. 

Lemon 

B 

IiuUa 


Orange, sweet 

(J 

linlia < 

Numerous hybrids with other species. 

Peach 

A 

China 

Uiin<lr<‘ds of variet,i<‘H. 

Pear 

A 

■Peunperate I0\irop(« ami Asia, 
N. China 

Tw'o sptseies ami hybritls lKitw<‘«‘n them. 

Plum 

A 

S. 10urop<», W. Asia, N. 
America 

Mueii hybridised group. 

llHspberry, red 

r 

N. Europe, Asia, N. America 

Varieties ami hybrids of two species, 

Raspberry, blaek 

p 

Middle North Amerh'a 

At least lhre(‘ specie's involved. 

Strawberry 

p 

'iVmporaie N, Aiimrieu, 
eific Coast of N. and H, 
America, Europe 


cultivated for ruoro than 4,000 years. 

B, cultivated for irjore tlian 2,000 years. 

6', cultivated for Um than 2, (KM) y(<arB in the Old World. 

Pf cultivated since the discovery of America, Often only very recently. 

There are over 120 wild species of cherries which are native to Asia 
and from 200 to 1,500 wild species of raspberries and blackberries. The 
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variation in type of the wild red raspberries of New England is a good 
illustration of a wide diversity of forms. Some of these are probably 
results of crosses with escaped cultivated varieties. Natural hybridiza- 
tion certainly played a large part in the evolution of such fruits and the 
selection of promising wild seedlings furnished the major part of our 
cultivated varieties. 

Fletcher (1916) has described 1,879 varieties of strawberries which 
originated in North America and 26 European varieties which have 
attained prominence in this country. The strawberry is largely a 
hybrid product of four or more species. 

The citrus fruits arc all of Asiatic origin Present cultivated varieties 
have for the most part been produced during the last 100 years. The 
grapefruit industry of the United States has been developed in the last 
25 years. This fruit, which is a native of islands lying to the south of 
Asia, was introduced into the West Indies early in the eighteenth century 
and more recently from the West Indies into Florida. Table XCI, which 
is part of a table published by White (1916), is a summary statement of 
the source and the length of time under cultivation of some of our most 
highly prized fruit crops. 

The mode of origin of some of the better United States fruit varieties 
has been compiled by Dorsey (1916) from the New York Agricultural 
Experiment Station fruit monographs. A summary statement is pre- 
sented in Table XCII. 


Table XCII. — Orkjin op Varieties op Apple, Cherry, Plum, Peach ano Grape 


Fruit 

Both 

parents 

known 

One 

parent 

known 

Neither 

parent 

known 

Origin 
as bud 
sports 

Total 

Apple 

3 

39 

588 

4 

634 

Cherry 

20 

01 

1,064 

0 

1,145 

Grape 

74 

57 

72 

0 

203 

Plum . . . . > . 

49 

lOS 

624 

1 

682 

Peach 

2 

13 

69 

1 

85 

Total 

148 

278 

2,317 

0 

2,749 


These data show that nearly 85 per cent of the commercial fruit 
varieties of apple, cherry, plum, and grape have been obtained by select- 
ing promising chance seedlings, that one parent was known for a little 
more than, 10 per cent of the varieties described, while only a little over 
5 per cent of the commercial varieties originate^ from crosses in which 
both parents were known. Only six out of 2,749 varieties are known 
to have originated as bud sports. 
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SOME EARLY STUDIES IN FRUIT IMPROVEMENT^ 

The preceding discussion gives some idea of the great number of 
varieties of our fruit crops. While many of these are from chance 
seedlings, a considerable percentage resulted from definite attempts to 

produce improved forms. _ ^ 

Von Mons. — One of the earliest horticulturists was a Belgian by the 
name of Von Mons, who was born in 17G5 and died in 1842. He was a 
chemist but followed horticulture as an avocation. His studies were 
carried out for the purpose of proving the truth of certain philosophical 
theories. While he did not succeed in substantiating the theories, his 
work was of considerable value to horticultural sconce and practice. 
His most important studies were with pears. In 1823 there were 80, (WO 
seedlings in his nursery. About this time he issued a catalog in which 
1,050 peal's were described by name or number. Of these, 405 vaiieties 
were of his own production. His practice was to sow, select, and resow, 
and, without doubt, a part of his great accomplishments was a direct 
result of cumulative selection. 

Knight. — Thomas Andrew Knight has already been mentioned as a 
man who contributed much to the ai-t of plant breeding. He was born 
in England in 1759 and died in 1838. A part of his work was earned 
on with such fruit crops as apples, peai-s, and peaches. He emphasized 
the value of crossing as a means of producing improved forms for he 
believed this method was more rapid than Von Mons’ selection practice. 

American Pomology.— Throughout the nineteenth centuiy American 
pomologists ma<lc gimt progress in the improvement of fruits. WMle 
many American named varieties occurred as chance seedlings, others 
were the result of careful breeding. The strawberry and grape are 
examples of fruits in which many of the varieties are a result of controlled 
breeding. Selection and crossing both played important parts in the 
improvement of varieties. Hovoy was one of the best known of the early 
strawberry breeders who worked during the first half of the nineteenth 

century. ... „ .„ 

The production of improved American varieties of grapes well illus- 
trates a common method of the production of new fmits. (lid World 
grapes did not succeed in the greater part of the United Btatos, as Euro- 
pean varieties proved very susceptible to diseases, particularly mildew. 
The production of American varieties from native wild species gave us 
many of the cultivated types. Some of the best of the early vaneties 
arose as chance seedlings. Clonoord was thus discovered by Ephraim 
W; Bull and introduced about 1863. It has been frequently used as a 
parent for the production of the improve4 forms. Some improved forms 

» For an account of the evolution of American fruits the reader is r^erred to 
BA 13 DBV, 1898; MtJNSON, 1906, 
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have resulted from crosses between native and European varieties, 
Delaware being generally thought to have been so produced. 

With the plum, as with the grape, the native American species have 
furnished the source from which a large part of the American varieties 
have been produced (Wight, 1915). Several wild species have been 
used and frequently the varieties which have proved best adapted to a 
given locality have been produced from the wild form which is native to 
the same region. 

SOME CONSIDERATIONS OF FRUIT BREEDING 

Fundamental laws of heredity furnish the same foundation for a 
development of correct breeding technic in the fruits as with other crops. 
There are, however, some factors which modify breeding methods. For 
example, a single tree takes up considerable field space and thus has a 
greater value than a single plant of wheat or corn. In comparing 
varieties and clonal lines, the question of soil heterogeneity must be 
considered for this is probably a frequent cause for the variation in yield 
from different trees of the same variety when grown in the same orchard. 
Self-sterility, which is so prevalent among fruit crops, often prevents 
the production of homozygous material; while the use of heterozygous 
material does not allow the breeder to make systematic crosses with a 
knowledge of the genetic constitution of the parents. In spite of these 
difficulties which the fruit breeder must face, there has been a consistent 
attempt to use fundamental breeding principles and, at present, methods 
are becoming somewhat standardized. The advantage which comes to 
the breeder from the fact that an improved variety may bo propagated 
asexually and need not be reduced to a homozygous condition, tends to 
offset other difficulties. Some of the more general problems will be here 
illustrated. 

Overcoming Soil Heterogeneity.— Batchelor and Reed (1918) 
have made an interesting study of variability in orchard plots. They 
used orange, lemon, walnut, and apple trees in the investigation. From 
224 to 1,000 trees of each of the different fruits were studied and the 
coefficient of variability for yield of single trees determined. The 
coefficient of variability of the clonal varieties ranged from 29.72 to 
41.23 per cent. Thirty-five per cent might be considered a fair average. 
Multiplying this by 0.6745 gives 23.6, the probable error in percentage 
of the mean. 

The effect on the coefficient of variability of increasing the number 
of trees in a plot was studied; a comparison of plots containing 1, 2, 4, 8, 
16, and 24 trees being made. Table XC>in gives an average of tests 
with oranges, lemons, apples, and walnuts. The results are based on a 
study of more than 2,000 individual trees. 
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Table XCIII. — Effect of Increasing the Number of Trees per Plot 


Number 
of trees 
per plot 

Avera^fo coefficient of 
viiriability 

Average reduction of coefficient of variability 
by increasing number of adjacent trees per plot 

Increase from 

Average reduction 

1 

37.78 + 0.52 



2 

30. SO ±0,. 55 

Ito 2 

6.8910.76 

4 

26.7010,03 

2 to 4 

4.13 + 0.83 

8 

24.27 + 0.77 

4 to 8 

2.4910.99 

16 

22. .5811. 01 

8 to 16 

1.6911.27 

24 

10.7411 .08 

10 to 24 

2.8411.48 


From these results the conclusion is reached ^hat eight trees is about 
the correct number which should be used in a plot. 

The question of replication, i.c., the systematic distribution of plots 
over the fieltl, is taken up. Results computed for four- and eight-tree 
units are given for oranges, apples, walnuts, and lemons. Table XGI\^ 
gives an average of data from these crops. 


Four trees in a \init 

Eight trees in a unit 

Number of systematically 
roplifsatod plots 

26.7010.60 

24.27 1 0.77 

1 

15.1210.47, 

12.8410.56 

2 

13.. 58 10.53 

11.2710.63 

3 

9.2910.40 

9. 54 10. .57 

4 

8.4010.40 

7.9.510.49 

5 

8.4910.49 


0 


xne CUIlUiUnlV;!! wo;* j**a*wv^'* I, V 

plots greatly reduce the error which ai-ises from soil heterogeneity. The 
data also show that four systematically distributed plots of four trees 
each are somewhat more reliable than two plots of eight trees each. 

As was presented in Chap. IV, Harris has given a reliable mcans^ of 
estimating soil heterogeneity by the correlation between the neighboring 
plots of a field. The tost was applied to an orange grove which appeanul 
to have uniform soil conditions. The correlation between the yield of 
eight-tree plots as ultimate units and grouped combinations of four such 
adjacent plots wiis found to be r = -|-().533 ± 0.085. This showed a pro- 
nounced heterogeneity in the soil of this orchard. However, the correlar- 
tion computed between the yield of an eight-tree ultimate unit and the 
yield of the combination of four such systematically distributed units 
was hot much larger than the probable error. 

These facts show the unreliability of yields of single trees as a criterion 
of productivity, that eight-tree idots give much mom reliable results, and 
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that plot replication is of as much value in studies of fruit-yield as of farm 
crops. Where quality is a major criterion, single trees give fairly reliable 
information. 

The several factors which caused variability in a certain Ben Davis 
orchard were determined by Sax and Gowen (1923). It was found 
that 62 per cent of the total variability was owing to environmental 
factors other than soil, 18 per cent to soil, and about 15 per cent to factors 
which cause permanence of yield, such as grafting stocks, bud mutation, 
and unknown factors. ’ 

Self-sterility and Heterozygosity.— One of the chief difficulties of 
systematizing methods of work is due to the heterozygous condition of 
most fruit material. A commercial variety may be extremely valuable 
and yet be heterozygous for many characters. On the other hand, the 
commercial variety may be homozygous for a large part of its characters. 
It seems reasonable to conclude that the more nearly homozygous the 
parental variety, other things being equal, the greater value it would 
have as a parent. 

The ability of impressing its characteristics upon the larger part of its 
offspring has been called prepotency by animal breeders. Such prepo- 
tency is genetically explained by the supposition that the prepotent 
parent is homozygous for certain dominant factors for the characters 
under observation. Hedrick and Wellington (1912) showed that some 
crosses bewoen apple varieties produced a considerable percentage of 
individuals with small fruits. Thus the cross between Ralls and Northern 
Spy gave great variability in size of apples, while the cross between 
Sutton and Northern Spy gave progeny m which no trees were obtained 
which produced small fruit. One of the great difficulties is that it takes 
several years to learn the varieties which, when crossed, will give certain 
desired combination. 


Table XCV.— iNCBBAsii! in Weight of Sbbd aj^d Fruit Dub to Cross-pollination 


^ Pollination 

Average 
weight of 
seed, grams 

Average 
weight of 
fmit, grams 

Newtown X sgK 

0 05 

0 40 

0,66 

0 66 

0.60 

n 

104 

147 

162 

173 

Newtown X Bellflower 

Newtown X Spitzenbere 

Newtown X Jonathan 

Newtown X Grimes Golden , , 


Spitzenbore X self 

0 13 

0 66 

0.68 

0.70 

0 71 

100 

126 

128 

144 

167 

Spitzenberg X Newlown 

Spitzenberg X Arkansas Blk 

tSpitzenborg X Jonathan 

Spitzenberg X Baldwin 

— — - ' 
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Another difficulty which must be considered is that many varieties of 
fruits are self-sterile. This is of utmost importance in commercial fruit 
production for it is necefisary to interplant such a variety with some 
variety which produces an abundance of pollen which is capable ol 
fertilizing the variety in question and which blooms at about the same 
period. The self-sterile habit likewise prohibits the reduction of the 
material to a homozygous condition. Frequently self-fertile varieties 
give groat increases in weight of seed and fruits as a result of cross-pollina- 
tion. Therefore, pollinators, varieties which have proved desirable as 
pollen parents, are often of considerable commercial value in increasing 

yield in the case of self-fertile varieties. , „ t • j 

Table XC'-V gives t,wo typical cases taken from the work of Lewis and 

Vincent (1909) with the apple. 

The large increases In weight of seed as a result of crossing are very 
noticeable. Increases in size of fruit are also of much importance. 

Taulk XOVl. — CIONDBNSKU Statrmbnt <w Ntjmukr <iv Skw’-pkhtile, Sklp-btkiule, 
AND I’AUTtAl.LY HeI.P-FKUTILK VAlUB'rlE.S OF FllClT ClltOPS 


Fruit 

NuniixT 

fortilti 

Nuinbnr 

Hclf- 

Htcriln 

N uinbnr 
purtiully 

Authority 

Uemarks 

Grapfi 

7 

la 

r, 

Dorw'yt 1011 
after Beach 
(1808, 1800) 

Bcilf-fertilt> and partially Hclf-fertilo 
have upright stamens and pollen 
with germ pore. Holf-sturilo vari- 
eties have reflexed stamens and 
pollen with no germ pore. 

Grup<‘ 




Bench, 1002 

Pollen of H(‘lf-steriio varietitis can not 
fertilize other s(‘lf-Rtc*rile varieties. 

Fium 

AU oulUvateU of uuiive 

Anmrieuu Hpi'ci(*K cxixspt New 
Ulni and IluinnHuii urn 
stnriln. 

Onrsey, 1010 

Results given by Dorsey are from 
studies Waugh (1800, 1807, 

1808, 1800, 1000, 1001 ), < tOff (1891, 
1001 ), and Waite (1005). 

Plum 

IS 

10 

1 ^ 

Suituu, 1018 

AU Helf-Hteril(‘ varieties set fruit 
when poUiualod with any other 
vari<‘ty with few exceptions. 

C;tHirri<,‘p 

li 

17 

2 

Hutton, 1018 


Applufi 

H 

10 

10 

Hutton, 1018 


A pplOR 


f>» 


Bowls and Vin- 
cent, 1000 

From 50 to 2(X) poUinatioim were 
made for each variety. 

If no seed set, vari<dy is classed as 
self-sterile. AU vuri<‘ties with some 
seed settiug are elassf^d as self- 
ftwtilc, altho^igh some are partially 
self-sterile. 

Pears 

, Partlett and Kieffer pears are 
selfHitorUe. 

FlotoBori 1*^11 



For the commercial grower, or the fruit breeder, it is essential to know 
which varieties are self-sterile. In order to illustrate the conditions 
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generally found regarding steriUty, a compilation of some results is 
presented in Table XCVI. Citations to literature aie given so that the 
reader may go to the original sources when ho desires to know what 
category any particular variety belongs to. 

The causes of sterility have been determined in some cases. In the 
strawberry it is due to at least two causes (Valleau, 1918): 

1. The dioecious condition 

2. The production of aborted pollen grains or microspores in otherwise 
normal anthers. 


k Dorsey (1914) has found sterility to be associated with 

both hybridity and the dioocioua condition The varieties which produce 
reflexed stamens seldom produce fertile pollen. Dorsey states : 


Stcnhty has been found to be due to the pollen rather than in the pistil Sterile 
pollen in the grape results from degeneration prooos,ses in the generative mioleus or 
arrested development previous to mitosis in the microspore nucleus 


• 1 abortion occurs both in pure and hybrid forms but is not con- 

sidered a cause of lack of fertility as abundant pollen is produced in the 
grape. 

In the plum, pollen abortion is not as a rule the cause of self-sterility 
The outstanding features as given by Dorsey (1919) are: ^ 

of ^Preasion of self-stcrility oven in P dovmiica in which about 
one-half of the varieties are self-fertile; (b) the oeeurronce of e.ross^tJriflty nd 
(c) the slow growth of pollen tubes under the condition of self- and oross-sTe’rS 

This type of sterility is comparable with that in the tobacco crosses 
previously discussed, whore sterility resulted from slow pollen-tube 
^otrth. In his case the pollen tube growing from the pollen grain into 
the tissues of the style never reaches the embryo sac. The self-sterile 

and to be mhented. segregation into sterile and fertile forms occurring 
M ^uohon di^on. l^i^, (1917) ho. .m<1c . .tudy of 
in the apple and the conclusions reached show the manifold causes which 
must bo considered in a study of the problem. For this reason the 

conclusions are here given verbatim 


many other varieties gormmated in distilled water ^ ^ ^ ^ 

o,.t„ *» “>• i«- 
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5. Self-sterility of Romo Beauty is not due to inability of, its own pollen tubes to 
grow deep enough to roach the egg. This has been suggested as the cause of self- 
sterility in certain pear and apple varieties by the work of Osterwalder. 

6. From present indications one important factor in self-sterility of Rome Beauty 
is the relatively slow rate of growth of Romo Beauty tubes in Rome Beauty stylar 
tissue. Doubtless other factons will be found upon further examination. 

Inheritance of Some Characters. — The mode of inheritance of most 
fruit characters has as yet not been determined. There are, however, 
numerous experiments under way for the purpose of learning how individ- 
ual characters behave in crosses. The lack of infoimation in this field 
is due to the heterozygous condition of many fruit varieties and to the 
fact that with many fruit crops so long a period elapses between the time 
of sowing the seed and the production of fruit. 

^pple —Inheritance in the apple is well illustrated by a study made 
at the Geneva Station by Hedrick and Wellington (1912). Crosses were 
made in 1898 and 1899 and 118 seedlings were grown. In 1912, 106 of the 
seedlings had come into bearing. These 106 seedlings resulted from 11 
crosses. The first generation naturally does not furnish very reliable 
data as a means of deciding the mode of inheritance of individual 
chai-acters. 

Three types of skin color were studied, red, yellow, and intermediates. 
The conclusion was reached that Ben Davis and Jonathan were both . 
pure for red color of skin, as crosses between these varieties gave seedlings 
which produced fruit with a red skin. ( )thcr crosses led to the belief that 
yellow is recessive and that a cross between red and yellow is inter- 
mediate in skin color. Sweetness was believed to bo a recessive character 
to acidity with the indication that the Fi was intexmediate. 

Similar results were obtained by Auditor (1921) at the Maryland 
' Experiment Station. In a cross between Tolraan and a dwaif form of 
Malus toringo, Crandall (1920) found that the f i seedlings strongly 
resembled the male parent in appearance of tree except that they were 
not dwarf. The fruit, did not resemble either parent. It is stated that 
the outstanding fact of this cross is the extent of dominance shown by 
the dwarf parent. 

Raspberry.— Bailey (1898) believed that the purple raspberry, KiOms 
neglectus, was a natural hybrid between the black and red varieties. 
This was definitely proved at the Geneva Station by a cross between 
Smith No. 1, a black raspberry, and Lonlioro, a rod seedling, which gave 
209 purple raspberries (Wellington, 1913, Anthony and Hedrick, 1916). 
The same Smith No. 1 crossed with June, a red raspberry, gave 60 purples 
and 46 blacks. Selfed seedlinp of Columbian, a purple variety, gaw 
31 purple, 7 red wine, 2 reddish, 1 yellow, and 1 black. The mode 
of inheritance of colors can not be determined, although it seems that 
several of the black varieties are heterozygous for color and that several 
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factors for color are present. The presence of bloom on the canes proved 
to be a partially dominant character over the absence of bloom. The 
number of spines on canes showed segregation in selfed seedlings of 
Columbian. Yellow raspberries could be told in the seedling stage from 
the black and purple by the absence of red tinge on the leaves. The 
production of promising varieties from crosses between the red and black 
varieties was especially mentioned. 

The Van Fleet raspberry may be mentioned as an example of an 
improved variety that has been produced by hybridization (Darrow, 
1924). A representative Evbus innominatus introduced from China 
was crossed with the Cuthbert red raspberry. The new form is produc- 
tive, relatively disease resistant, and ripens berries over a' period of four 
or five weeks, beginning at the time when the last red raspberries have 
been harvested. The less desirable characteristics of the new variety 
are its medium size and softness of fruit. 

Strawberry. — The inheritance or flower color was found by Richard- 
son (1918) to show the usual color dominance, pink over white and con- 
trolled by two factors. It was also found that singleness dominated over 
doublencss and was dependent for its expression on asingle factor. Valleau 
(1923) obtained evidence in support of the chromosome theory of inherit- 
ance of sex in the strawberry. The data indicated that staminato and 
. hermaphrodite plants were homozygous and pistiUate plants heterozygous 
for the sox chromosome. 

Grape.— -The Geneva Experiment Station, in New York, (Hedrick 
^d Anthony, 1915) likewise furnished the greater part of our data on 
inheritance of characters in the grape. Table XCVII gives the results of 
crosses for skin color. 


Table XCVII. — Inhebitancb op Skin Colob in Grapes 


Color of parental types 

Color of seedlings 

Black 

Purple 
to dark 
red 

Medium 
to light 
red 

White 

White X white 




166 

Light red X light red 

8 

6 

13 

8 

Dark red X dark red. , . ... 

' 38 

43 

46 

42 

Black X black 

407 

49 

13 

64 

White X dark red 

5 

44 

14 

60 

White X black 

41 

3 

3 

12 

Black X dark red 

100 

62 

40 

! 32 
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The chief conclusions which may be reached from these results are 
rthat nearly all varieties are heterozygous for color and that white is a 
pure recessive. 

In studies of inheritance of quality there is a proof of the value of 
selecting as parents the types which excel for the character being worked 
with. Table X( ’.VIII gives some of the results of crosses in which quality 
was studied. 


TaHLE XCIVIll. iNllEIllTANt’E OK QlTAl.ITY IN TUP. (iRAI'E 


Favcntal iypcis 

Total 

IVrcoiitago 
of soocl or 
better 

T>rt»*rtn+a ormrl nf IliyluiT nilfllifiV 

(>S2 

27 

Tmii* 4\v nfinv 

m 

11 

VXOOtl Itlll 

TViTn/liiitn 

2V^ 

10 

iVKHllUIIl /n 

51 

4 

1 OUl /s, 

1 



Nearly all grapes of high (juality at the Now York stat.ion contain 
some V. vmijmt blood, 'fliis is easily undci’stood when one remembers 
the long period of breeding of the European varieti<\s and that American 
varieties were only recently obtained from the wild. Inheritance of 
size of grape berry and ripening period showed l.hc value of selecting as 
parents varieties wiiich excel in the character which the breeder wishes 
to obtain. 

Peaches. — In crosses between nectarines and peaches, Becker (1923) 
obtained peach-like fruit and in crosses between nectarines, only nectar- 
ines were obtaiiuxl, indicating that pubescent fniit was dominant to 
smooth. Resistance to nematode in the peach is apparently an inherited 
character as has been shown by McCIintock (1923). Perhaps the most 
extensive inheritance studies in the peach are those reporte<l by (Jonnors 
(1923). In crosses between Greensboro (spreading) and Crawford 
(upright) the h\ seedlings were intermediate in habit of growth and since 
spreading, open trees are preferable for orchard purposes, it is desirable to 
use as one parent cither the spreading or intermediate typo of tree. 
With respect to size of blossoms the large and small ones were found to bo 
homozygous and the intermediates heterozygous. The latter segregated 
into one largo, two intermediate, and one snaall blossom. A further 
study of the correlation between the color of the inside of the calyx cup 
and of the fruit flesh, first pointed out by Hedrick, was made. A green 
calyx cup is correlated with white fl!osh and an orange-colored calyx cup 
with yellow flesh. Moreover, a green, white, or pale cream calyx cup 
indicates a homozygous white flesh, a yellow-cream to yellow-buff calyx 
cup indicates a heterozygous white flesh, and a deep orange-colored calyx 
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cup indicates a yellow flesh. White flesh is dominant to yellow and its 
inheritance is apparently controlled by single factor difference Several 
other characters were studied but their exact manner of inheritance 
was not determined. One of the most interesting results of this investi- 
gation was the determination of prospective parents which would be most 
likely to yield progeny of economic value ^Vs a direct result of tliis work, 
the New Jersey Experiment Station is offering to the public several new 
varieties of peaches. 

Illustrations of Methods of Breeding. — Methods of breeding fall 
naturally under three main heads; 

1 Selection of bud sports. 

2. Seedling selection. 

3. Controlled crosses. 

As has been already mentioned many of our varieties have resulted 
from chance seedlings, others from seedlings in which only one parcint was 
known A review of the subject leads to the conclusion that the improve- 
ment of fruits by the use of self-fertilized seed is a loss desirabh^ method 
than by the use of crossed seed. When selfed seed can be produced the 
progeny are as a rule less vigorous than those obtained from crossed seed 
As these subjects have been touched upon in some detail un<lcr other 
headings, seedling selection will not be discussed further. 

Selection of Bud Sports. — It is now a commonly accepted fact that 
mutations or sudden changes in the germinal material do occasionally 
occur. Likewise, in asexually propagated species bud sports have been 
found, and in some cases these have boon used as the foundation of 
improved races. To justify a method of breeding founded upon their 
utilization, such bud sports must occur frequently enough to pay for the 
trouble of making a systematic search for thorn, 

A review of the experimental evidence is of considerable interest, for 
this is thef only means we have of deciding whether the selection of partic- 
ular trees or branches for propagating purposes is a reliable means of 
producing new varieties. Of the four apple bud sports mentioned in 
Table XCTI the chief changes were in the color of the fruits. In the 
Isabella grape several sports were obtained which produced black grapes 
of larger size than Isabella, and which excelled in sweetness (Powell, 
1898, cited from Dorsey, 1916). Dorsey (1916) records two large-fruited 
variations in the (Jon cord grape which arose as bud sports. 

Instances of bud vai-iations in ornamental horticultural plants are 
quite common. As an example of their frequency, the work of Rtout 
(1915) will be briefly discussed. Extensive asexual or clonal selections 
were made in Coleus and numerous color changes were isolated as well as 
changes in leaf shape. The same variations were obtained through bud 
sports as by seed reproduction. Some clonal lines sported much less 
frequently than others. 
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The work on citrus fruits (Shamel and others, 1918) which has been 
carried on in (^alifornia, has drawn the attention of many horticulturists 
and plant breeders to the subject of bud sports and theii- place in correct 
fruit-breeding methods. "V alencia oranges were originally introduced 
from three sources, but all have proved of similar type and are now called 
Valencia. From this variety, 12 important strains originating as bud 
sports have been isolated. As a rule, single off-type branches produce 
fruits showing characters which are different from the fruits borne on the 
remainder of the tree. Many of these sports are of highly undesirable 
type. The Washington navel orange was introduced from Brazil in 
1870 by the Department of Agriculture at Washington. Thirteen 
distinct strains have been isolated through bud selection. Thompson, 
one of these strains, has proved a very desirable type.. Likewise, bud 
sports have occuj-rod in the grapefruit which was introduced in (’alifornia 
from Florida in 1890. The Marah is the best of si.x strains which were 
obtained by selecting bud spoi'ts. Similai’ly, bud sports have occurred in 
lemon orchards. Hhamel (1919) records an occurrence of a sporting 
branch in a French prune tree which was first observed in 1901. Several 
grafts from this branch wore place<l in bearing trees. These grafts 
reproduced the characters of the sporting branch. In 1914, trees in 
alternate rows of an orchard were top worked by the use of buds from 
the new strain and compared with buds from the normal French prune 
variety. The top-worked trees from the bud sport bore larger fruit than 
those fx’om the normal pi’une. The fruits were also more evenly dis- 
tributed over the tree than in the original French prune variety. 

Those mentioned are some of the mom striking instances of the pro- 
duction of new varieties through the is<dution of bud sports. CVandall 
(1918) has made an o.\'tonsive t(?st in Illinois of the value of bud selection 
in apples as a means of improving the vari<^ty. Two distinct lines of 
study have been followed. 

1. The value for propagating purposes of buds selected in different 
ways. The experiments includ(;d a comparison of large versun small buds, 
of buds from different parts of the tree and from different locations on the 
shoot. 

2. Selection of trees because of s{)ecial merit. Clomparison of seedlings 
produced from large and small apples produced by these selected trees. 

A considerable numl.)cr of varieties was u.sod for tho first study and a 
total of 5,400 buds were solecteil. A careful measurement was then made 
of the yearly growth of wood from the buds which had been previously 
selected Growth curves were made and, on the basis of those, results, 
the conclusion was reached that all buds from healthy shoots were of 
equal value for propagation purposes. 

1 ho characters of seedlings grown from seeds of largo and small fruits 
borne on trees of special merit wore carefully studied. Seeds from large 
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fruits produced seedlings which were somewhat more resistant to adverse 
conditions than seedlings grown from small fruits. The hypothesis 
that this may be explained by the fact that large fruits and large seeds 
frequently occur from crosses, seems reasonable in the light of the work 
of Lewis and Vincent previously cited. 

Stewart (1912) has discussed the value of cion selection in tree-fruit 
improvement. Individual apple tree data over a period of from ten to 
fourteen years were presented Under apparently the same conditions 
some trees were consistently higher yielders than others. A review of 
considerable experimental evidence led Stewart to conclude that there 
was more evidence in favor of purity of the clone than in favor of the 
value of clonal selection as a means of producing higher-yielding strains. 
Similar conclusions were reached from an experiment carried on by Tyson 
Brothers, m New York, with the York Imperial apple. Two trees were 
selected which bore unusually similar fruits and these were used for 
propagation. More than 8,000 trees were planted in the new orchard. 
Examination of trees of this orchard when they came into bearing showed 
them to be not superior to the usual York Imperial apple (Dorsey, 1917) 

The cited cases show the present status of the problem of selection of 
bud sports as a means of improvement of fniit crops. The studies with 
the citrus genus appear to justify the belief that degenerate or inferior 
bud sports are of frequent occurrence. This leads to a conclusion that 
only those limbs which produce normally healthy fruit should be used for 
propagation purposes. Even among the citrus fruits there is as yet no 
very conclusive proof that the selection of cions from high-yielding trees 
will accomplish more than to prevent possible “ running out ” of the variety. 
The evidence from apples would seem to justify the belief that bud spori.s 
are very infrequent. The bi’ceder, then, can well afford to make careful 
observations with the hope of discovering bud sports. If apparently 
desirable sports are found, thesse may then be used for propagation. 

In such crops as citnis fruits and with such plants as Cohm, bud sports 
are of frequent occurrence. There is, then, some evidence for the lielief 
that sports occur more frequently in heterozygous than in homozygous 
material. As Btout (I9l.'5) obtained the same changes through asexual 
selection as by the use of self-fertilized seed, it seems reasonable to 
suppose that some sort of segregation and recombination occurs in 
somatic tissue. No cytological evidence has been given to account for 
such a supposition. With heterozygous material the loss of a single 
dominant factor would bo immediately apparent in the soma. This is 
one reason why bud sports occur more frequently in heterozygous forms 
(East and Jones, 1919). Nabours (1919) has shown that similar cross- 
overs occur in parthenogenetic reproduction in the grouse locust as in 
those forms which are produced by the recombination of gametes con- 
taining the haploid number of chromosomes. If the usual sort of cross- 
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overs occurred in homozygous material, there would be no change in the 
homologous pa]*ts of chromosome pairs. In heterozygous material, 
however, new combinations of factom would be produced which might 
cause changes in the external appearance of the organism. No cytological 
basis for such cross-overs has been demonstrated. 

Controlled Crosses. — One of the earliest controlled experiments in the 
breeding of fruits by crossing was started by Swingle, in 1893, in Florida. 
This was an attempt to produce hardier types by the use of wild citrus 
species. The hardy C'hinese species, Citrufi Irifoliata^ was used as one of 
the parents. In 1897, 212 crosses were made between this species and 
orange varieties. The three fruits that were produced gave thirteen 
hybrids, which were so different from existing varieties of citrous fruits 
that they were called Oitranges.” Other crosses between citrous species 
were made. One of the promising combinations was a cross between the 
West India lirin^ and the kunuiuat orange. This orange is one of the 
hardiest of the evergreen citrotis tree's while the lime is very tender. 
Further experiments arc^ under way and other promising wild relatives of 
the citrous fruits have been obtained. ( h’osses of this nature are })roduc- 
ing fruit varieti(is whicli are successful in regions where citrous fruits 
could not bo grown fornunly. The work shows the necessity of a thorough 
botanical knowledge of the wild ndatives of the crop which it is hoped to 
improve by breeding. 

A somewhat similar method of work with the hope of producing hardy 
apples for the (Canadian Northwest was started by William Saunders 
in (Canada in 1888. The wild Siberian crab, Pyrus baccataj which proved 
hardy on the prairi(‘S and withstood temporatui'es of 50^^ Ixslow zero, was 
used as the female parent and crossed with comnuircial apple varieties. 
Macoun (1915) states that the fruit of Pyrm haomla averages 14. hich in 
diameter and is quite astringent. The fruits obtained from some of the 
more promising of the cross<is were not so large as dcssirod, although some 
compared very favorably in size with ordinary crabs. They were of 
good flavor and provcjd hardier than any varieties of apples and cnibs 
that had been tested up to that time. Several ai‘o here listed. 

Jewel, F, baccata X Yellow ''rransparont, Hi7>e 1.4 by 1 .3 indies 

Columbia, F. baccata X Broad Green. Size 1 .8 by IA\ iuches 

Charles, P. baccata X Tetofsky. Hize 1 .fi by 1 ,5 inches 

Recrosscs between the best of these and apple varieties were made 

and 407 trees were grown. Some varieties were obtained with larger 
fruits but these as yet have not been thoroughly tested for hardiness. 

Pears have been frequently tried in the Dakotas but have failed for 
two causes (Hansen, 1915): (l),lack of hardiiiess; (2) susceptibility to 
blight. The (Chinese sandpear, Pyrue aineneis Lindley, obtained from 
Dr, Sargent, of the Arnold Arboretum, proved perfectly hardy and 
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resistant to blight. Various crosses between this species and cultivated 
pears belonging to Pyvus conitnunis have been made Preliminary tests 
have shown that some of the seedlings were blight resistant and hardy 
These results indicate that the problem of producing pears for the North- 
west may eventually be solved In a somewhat analogous manner, 
Hansen (1911) has produced new plum varieties by crossing the native 



Fio G9 — Wolf, a hardy variety of plums which lacks quality of fiuit. (J^hoto loaned by 

Dorsey,) 



Fig, 70 — Burbank, a plum of high quality produced by Luther Burbank. It lacks hardi- 
ness whon grown in Minnesota. (Photo loaned by Doi soy,) 



Fig. 71. — Tonka, Burbank X Wolf, No. 21. Has high quality and is nearly as hardy as 
the hardy variety of Wolf (Photo loaned by Dorsey.) 

sand cherry with Japanese plums. This has resulted in a “happy com- 
bination of hardiness, rapid growth, and early bearing of tree, with large 
size and choice quality of fruit." 

It will be of mtercst here to present briefly an instance from the fruit- 
breeding work at the Minnesota Station in which desirable new plum 
hybrids were obtained when the tender parent, Burbank (F. triflora) was 
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crossed with Wolf which is a hardy variety of P. atnericana mollis. The 
percentage of hybiids killed during winter dormancy is taken as a basis 
for classification. It will be seen that some of these hybrids, as No. 8 
or No. 9, are hardy in the bud like the staminate parent Wolf. The two 
which have been named Red Wing and Tonka, are intermediate in 
hardiness but of e.xcellent fruit characteristics. 


Table XCIX. — SiiowiNr, tue Pbuobnt.voe op Buds Killed in an Pi Proobny 
When One op tub P.uients is Hakdy and tub Other Tender" 



Poreoniafjje of 


Pe^reontagf^ of 

Parent. 

buds kil]<‘(l, 

Parent 

]:>ufly killed, 


1916-17 


1917-18 

Burbank 

100 

Hybrid No. 1). 

() 

Wolf 

0 

10 

50 

Hybrid No. 1 


11 

1 

2 

:i.. 

12 (Red Wing;. . 

10 

3 

i) i 

14 

25 

4 

1 f) ' 

15 

5 

T) 

10 1 

10 

5 

C) 

10 1 

17 

0 

7 

0 i 

20 

25 

<S 

0 i 

! 21 (Tonka,; . ... 

25 


* Data fumiBlicd by M. .f. Dorsay. 

These few instances have been given as indicative of the methods of 
work which are being used by some of the most progressive fruit breeders. 
Some general conclusions regarding methods of work may be here given. 

1. A knowledge of the bot.auical relationship and wild relatives of the 
fruit are necessary if great, ost progress in improvement is to l)o obtained. 

2. Some varieties and species transmit their characters to a much 
greater degree than do other varieties. A knowledge of the more pre- 
potent varieties materially aids in planning a cross. 

3. Varieties selected as parents should contain in the highest degree 
possible the character or churaotore desired in tliii progeny. 

4. The larger the numbers of progeny grown, the greater the chances 
of obtaining the combination desired. 

5. Most fruit crosses give variable progeny in Px. Numerous crosses 
should, therefore, be made. When possible large F-i generation progenies 
should be grown from the more promising b\ typos. ( Irosses of different 
Pi types may give the desired combination in Pa. 

6. Information regarding the mode of inheritance of particular charac- 
ters will assist in selection of varieties to be used as pdrents. 
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FARMERS’ METHODS OF PRODUCING PURE SEEDS 

The production of new varieties of farm crops is a specialized line of 
work and should be undertaken as a rule only by men who have had 
special training in crop breeding; The expense and time necessary for 
this kind of experimental work are too great for the individual farmer. 
The aim of the farmer or seed grower should bo to maintain the improved 
form and not to allow contamination through crossing with inferior 
stock, admixture, plant diseases, etc. A method of producing .seed which 
will stand this test and at the same time meet with the approval of the 
farmer must be simple, effective, and inexpensive A nation or .state 
cannot afford to maintain an experimental laboratory only to have the 
products of that laboratoiy deteriorate because of subseiinent treatment. 
The maintenance of pure, improved varieties as well as their discovery 
by selection or synthesis by crossing is an essenlial factor in economic 
food production. Before taking up in detail methods of producing pedi- 
greed seed by farmers, a few observations regarding seeds in general will 
be made. 


DETERMINATION OF BETTER VARIETIES 

Certain general facts regarding varieties should be understood. The 
breeder and grower must recognize that no one variety is be.st adapted 
to a particular locality or for all seasons. In some seasons an early oat 
gives the best yield. Owmg to slight seasonal variations, a later variety 
may excel in yield. Thus, a single season’s test is not reliable as a 
means of determining the better sort to grow. For this reason carefully 
conducted tests are carried on each crop season. By moans of these, the 
experiment stations are in a position to deternoine and advise as to the 
better varieties. The final decision as to which variety to grow must of 
course be made by the farmers and based on their actual field experiences. 

WHAT IS GOOD SEED? 

There are certain characters of farm crops which must be considered 
if the grower wishes to produce good seed. Good seed of any farm crop 
must belong to a variety that is superior in the following respects: 

1. Adaptability to the locality and soil. 

2. Yielding ability. 
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3. Pui’ity to type for siiiull grains or self-polliiiated crops, and comparative 
purity for corn and other cross-pollinated crops. 

4. Quality for the particular chanuitei-s for which the crop is sjrowii. 

5. Hardiness. 

6. Erectness or ability to withstand lodging. 

7. Disease escaping or re.sistance to disea.s(i. 

The seed of the particular variety itself must be superior in the 
following: 

1. Germinating ability. 

2. Good color, plunipne.ss and weight. 

3. Uniformity. 

4. Frecidom from diseases transii>itte<l by seed. 

5. Freedom from any other damage. 

0. Freedom from obnoxious weeds. 

7. Fre(>dom from mixture with other varieties. 

Adaptability. — We have already indicated that no one variety always 
excels in yield or qualify. All that the cx]>erinient stations can do is to 
determine the f<^w better varieties anil in this way assi-st the fanner to 
decide which to grow. 

There are decided advantages in limiting the number of varieties. 
It is of considerable value for oiii! locality to produce large quantities 
of a particular vai'iety. Heveral reasons arc apparent, chief of which are : 

(1) the buyer can obtain a large amount of seed of that particular variety; 

(2) the production of only a few varieties or a single variety is of material 
help in keeping purify of typo, as there is not so much opportunity for 
(a) mixtures in thrashing, growing, etc., or (h) cross-fertilization between 
varieties, which causes variability of seed and plant characters and, there- 
fore, loss of purity of type. 

Yielding Ability and Quality. — Variety tests carried on under experi- 
mentally controlled conditions are the best means of determining com- 
parative yield anil, to some extent, comparative quality of different 
strains. Many farmers sustain annual losses, which are not small, duo 
to using seed of an overexploited variety which has not proved its worth 
in competitive tests. With many crops, quality is of prime importance 
and must reciuve some consideration if a No. 1 grade product is to be 
obtained. 

Purify.— For crops like wheat, oats, and barley, which are self- 
fertilized, uniformity is the rule, providing the grower is willing to pay 
some attention to eliminating accidental mixtures. For cross-fertilized 
crops, of which corn is a good example, purity of type is of less importance, 
although certain general standards of purity are desirable. 

Hardiness.— Hardiness is a feature of adaptability but it deserves 
especial mention. Ability of annual crops, like rye and wheat, to with- 
stand winter-killing as well as winter hardiness for perennial crops, such 
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as alfalfa, is of high importance and is generally given much consideration 
by experimenters before recommending a particular variety 

Strength of Stalk. — Ability to stand up, which obviates injury from 
lodging, is of much importance in grain and hay crops. In small grains 
early lodging often causes shriveled seeds. The difficulty of harvesting 
is greatly increased when the crop is flat. 

Seed of the Variety Chosen. — Ky using the above-mentioned 
characters as a guide, one may intelligently choose the variety which 
satisfies best the particular conditions. The next problem is to obtain 
high-grade seed of the variety and it is obvious that seed cannot be high 
grade unless it possesses vigorous germinating ability. ( 'olor, plumpness, 
and weight are all important in that they indicate matunty and whether 
or not the seed was damaged by heat or mould. If seed with a relatively 
high moisture content is improperly stored, it very often becomes dis- 
colored and mouldy. It is possible to obtain a more even stand with seed 
uniform in size. High-grade seed should be free from disease. The 
organisms which cause such diseases as the smuts of oats and wheat are 
carried on the surface or within the seed. Seed is sometimes damaged 
in threshing. This is true particularly of the large-seeded legumes. If 
soybeans or field peas are thoroughly dry and tlireshod with a high-speed 
cylinder a considerable amount of split seed usually results. Another 
important quality of desirable seed is its freedom from obnoxious weed 
seeds. Most farmers would be very hesitant about purchasing seed 
which contained seeds of quack grass, (’anada thistle, wild onion, or 
dodder. Lastly, high-grade seed must be free from admixtures of other 
varieties. In the regions whore spring wheat is grown a relatively small 
amount of Humpback wheat contained m a variety like Marquis lowers 
very materially the value of the latter for seed. 


METHODS OF SEED PRODUCTION 

After obtaining the better variety for the locality, the seed grower has 
the problem of keeping this vaiicty in the same high state of production 
and if possible to improve it. The purpo.se of this chapter is to outline 
methods for the various crops which may be used by the seed grower or 
by the average farmer. 

Among farm crops, the production of seed generally depends on a 
union of the male reproductive coll, contained in the pollen grain, with 
the female reproductive cell— the egg cell. 

The pollen grains of corn are produced in the tassel and each thread 
of silk loads to an ovary which contains the egg cell. In order to pro- 
duce seed, the male reproductive coll must pass down through the silk 
and unite with the female cell. This process is called fertilization. If 
pollen and silk are borne by the same plant the process is self-fertilization. 
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and if by different plants, cross-fertilization. As the egg cell and the 
pollen grain of vself-fertilizod plants are, as a rule, alike in their inherited 
characteristics, the progeny of a single self-fertilized plant, such as barley, 
wheat, or oats, have the same inheritance. There is, of course, consider- 
able variation in all characters, owing to environmental effect, but all 
evidence shows tlint, these diff'erences are not truly inherited. Occasional 
crosses occur in self-fertilized croj)s which cause inheritable variability. 
Mass selection serves to eliminate those off types. 


SEED GROWERS’ METHODS FOR SELF-FERTILIZED PLANTS 

For self-fertilized plants tlio grower can, as a rule, obtain a pedigreed 
strain which is nearly adiiptcul to his comli lions. The only thing that 
he can do with this vari(d/y is to save s(‘ed in such a way that mixtures 
of other strains oi* occasional crossevs are eliminated, together with obnox- 
ious weed se(ids and <lisc^ases. The strain in (pu'stiou can be kept in a 
pure condition for its cliarachu'S, and if it is not entirely pure at the 
outset a corrcHit itiethod of sc^ed selection will tend to purify it and thus to 
increase its vaiu(^ The work for sclf-f(udiIiz(Hl crops is very simple as 
compared with th(^ production of improved seed of cross-fertilized crops 
or the production of highly bi*ed livestock. For self-fort. ilizc< I crops the 
method outlined Inflow is essentially that which is compulsory for the 
production of rogist.erod seed by the ( ■anadian Heed Growers^ Association. 
Formerly the grow(n’8 of registered seed wore required to maintain a 
yearly hand-select, ed s(hmI plot, but at present this is not required. 
Registered seed may ho produced from J^llite Stock seed or from other 
registered s<ied foi’ an indefinites number of generations providing the 
crops meet the recjuircuiumis of a rigid system of field inspection. The 
essential steps in th(i production of r(igistcre<l seed are: 

1. The setid of a variety must bo obtained from a source approved by 
the Association. 

2. The crop must bo grown on land on which the previous crop did 
not consist of a similar crop except it bo of Registered or of J<]lito Stock 
seed of the same vari(dy. 

3. The area on which tlie regishu-ed seed is produced should bo sepa- 
rated from other simihu^ crops by a distinct spacer. 

4. The crop should b(5 free from w<}eds the seeds of which cannot bo 
thoroughly nunovod by nuicliinery. 

5. A very high percentage (99.99 per cent) of purity must be main- 
tained with respect to variety an<l also with respect to other kinds of 
crops except those which can bo thoroughly removed by machinery. 

6. The crop should be reascmably free from disejxses. 

For the tobacco crop there is no necessity of a seed plot. The grower 
should select good-type plants in the field and save these for seed pro- 



372 


BUEEDLW CROP PLANTS 


duction. The best growers insure the pi'oduction of self-fertilized seed 
by covering the inflorescence before any of the flowers open, with a 12- 
pound manila paper bag. It is necessary to remove the bag from time to 
time to shake out the dead parts of the corolla so that the seed will not 
become damaged. Ten or twelve plants handled in this manner furnish 
suflicient seed for a large acreage. 

If the farmer is troubled with flax wilt he can easily overcome this 
diffi culty by seed selection. All that is necessary is to select from a plot 
on which the wilt disease is causing considerable loss those plants which 
appear to be free from the disease Experiments carried on by Bolley 
at the North Dakota station, which have been corroborated at Minnesota 
(Stakman, et aL, 19J9), have shown that wilt resistant varieties can be 
obtained by selecting plants which appear resistant on wilt-sick soil 
Barker (1923) has obtained evidence which proves that wilt-resistant 
varieties, when grown on wilt-fiee soil, retained their inherited (luality for 
resistance for a period of three years The same wilt-resistant varieties 
were grown continuously for a period of three years on -wilt-free and wilt- 
infested soil respectively. A comparison of the relative resistance of 
the varieties grown under the two conditions showed no appreciable 
difference Ji’or flax, the seed plot may be located on wilt-sick soil. 

Diagram of Method of Controlling Flax Wilt by SbijEction 


Isi year 2d year 

Seed Plot Seed Plot 



For the farmer who does not care to use a seed plot according to a 
method somewhat as outlined for naturally self-fertilized crops, some prog- 
ress may be made' by takmg certain precautions. When changing from 
one variety to another in threshing, it is well to operate the thresher 
empty for several minutes before beginning on the second variety. Then, 
too, it is well to discard the first few bushels threshed of the second variety. 
The grain which is to be used for seed should be carefully stored under 
conditions which will insure freedom from injury owing to rodents, 
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insects, oi* heat. The seed should be put through a fanning mill to 
remove weed seed, foreign matter, and light chaffy grains. Carefully 
conducted field experiinentvS with wheat and oats have failed to demon- 
strate any superiority in yielding ability of heavy- over medium-weight 
seed. The fanning mill, however, is a valuable implement. for removing 
impurities, cracked grain, and grains that are light in weight duo to disease 
or immaturity. Grains of wheat which are light and chaffy due to wheat 
scab may be largely removed l)y means of an effective wind blast. If the 
seed is known to carry a plant disease which may be controlled by seed 
treatment, such treatment should be given. 

IMPROVED CORN SEED 

The det(!j*mination of the l)ottor variety of corn to grow is not difficult. 
The farmer can obtain reliable advice from the local county agent or by 
consulting tli(i neansst expf^rirnent station, ddio introduction of new 
varieties of corn from oth(‘r stah^s before tla^y have been tested for the 
climatic conditions in question is a v<u*y undesirable practice and as a 
rule a cause of miKjh anninil loss to the corn grower. The problem with 
corn is somewhat diffenmt from that with the sfif-fertilized crops. Cbrn 
IS cross-fertilii5<Ml, tlaux^fonj constant inhcritc^d variability is the rule. 
When a vari(dy is int.roduced from another locality it undergoes a process 
of selection which anay markedly change its character's, Scdection in a 
pedigreed lino of wluuit, on the contrary, does not change its characters 
and serves only to the variety in the sattio state of purity by artifi- 
cially removing any possible mixtures which may occur. Thislmef discus- 
sion will probably s<U'vc to show that seed 8el(^ction on the farm is a very 
important pra(jtice for the com grower, unless th(^ro is a local gj'owcr of 
high-gj-ade seed. 

The corn-scicd growei* faces another dilfuailty which the small-grain 
seed producer does not hav(j consider. With small grains- -barley, 
oats, and wlieat-- purity for all (diaracters is thcvgenoral rule. This has 
led the com breeder also to attcimpt to obtain pmlty of type. ( ■arefully 
controlkjd investigations have served to show a possible fallacy in this 
practice. The 3*eport of a study at the Minnesota Station (Olson, 
and IIay(is, 1918), which contains experimental evidenc(i together with a 
review of oth(u* (?xp(unrnents in r<dation to score-card characters and yield, 
show no cornilations Ixjtwecn individual characters such as trueness to 
the ideal score-card ear typ<^ and subscxiuent yield of these ears. 

Artificial self-fertilixiation in corn isolaUus homozygous typos which are 
less vigorous than normally cross-pollinated plants. All other evidence 
seems to show that too close a purity of type in corn tends to a reduction 
in vigor. The grow(?r whose method of selection is based upon ear type is 
certainly obtaining no gain in yield of shelled corn per acre. The detri- 
mental results of too close selection to typo may not be very apparent and 
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may be more than counterbalanced by the extra attention from a cultural 
standpoint, for an interest in ideal oar types certainly stimulates the 
farmer to produce better corn. It is not, however an increase due to 
better breedmg but to better cultural practice. 

The present purpose is to outline methods of seed selection. As there 
is little apparent relation between score-card chai actors for type of ear 
planted (within a particular variety) and resultant yield, even though 
such selection may be constantly practiced, little attention is paid to 
those characters as far as the breeding plan goes. The grower should, of 
course, produce corn of one variety which is pure, judged by easily 
evident characters, such as color of seed and cob Abnormalities, such 
as very large butts, badly flattened cobs, or very irregularly rowed ears, 
should not be used as foundation stock. Aside from these there is no 
need of paying much attention to type. Ability of a variety to mature 
under the conditions, is very miportant and needs much at^tcuition. 

In a bulletin of the Minnesota Station, Ilayes and Al(‘,xander (1924) 
report the results of an experiment with different mid-hods of corn breed- 
ing for the practical farmer. As a r<‘sult of (his work whii^h was carried 
on with Rustler White Dent, the authors conclude that t-here sccuns to be 
little or no value from the farmer^s standpoint of using the ear-to-row 
method of corn brooding and that certainly its continuous use appears 
undesirable. Close selection for car type which is reciiiired by the 
ordinary score card brought about a small but significant reduction in 
yield. The experiment seems to indicate that selection should be on the 
basis of vigor and yield of the plants rather than on t.he basis of oar type. 

In a study of data from four varieties of corn grown in <^ar-to-row plots, 
Richey and Willicr (192»5) found a positive correlat-iou b<^tw(‘en weight, of 
ear and yield and a negative relation between numbm- of rows per unit 
of circumference of ear and yield and also between number of kernels 
per unit of length of ear and yield. Positive correlations hjss marked and 
not so consistent were found between yield and length of ear, weight of 
cob, and circumference of butt of ear. It is concluded from this study 
that the selection of longer, heavier oars with proport-ionately heavy cobs 
and with relatively few rows of wide, thick seeds is justified, but that 
further selection on the basis of ear characteristics is futik', from t.he 
standpoint of obtaining higher yielding corn. SmitJi and Jirunson (1925) 
have obtained similar results. 

In a bulletin of the Illinois Experiment Station, Ilolbcrt., ct al (1924), 
have pointed out the marked reduction in yield that, is caused by the 
root-, stalk-, and ear-rot diseases of corn. It is (estimated that where 
infected seed is used the loss from diseases including smut and rust may 
conservatively be placed at 20 per cent. The writers found that the 
disease-free condition was more frequently associated with corneous, 
slightly indented seed than it was with starchy, deeply indented seed. 
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The most pniclicul niolhods for the farmer to use in combating diseases 
of corn are croj) rotaticjii, selection of ears in the field from apparently 
disease-free plants aiui t casting the ears for the presence of disease. 

AN EAR-TO-ROW METHOD OF CORN BREEDING 

Until recent ly nc^arly all discussions of corn breeding were based on the 
ear-to-row ni(‘iho<l. Sucli a method takes considerable time and can be 
carried out only by tiu^ l)r(‘(Hl(ir or occasional seed spcicialist. In adapting 
corn to new ri^gions, tlu'i f^ar-to-row method may be somewhat more rapid 
than mass sek^ction. Thc^ <*ar-to-row test consists of growing the seed of 
a certain number of ears in individual rows and dedermining the })etter 
yielding ones. Mach <^ar saved is then a basis of further selection. Com 
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plicated niothodn have be(‘n UHed for introduci ion of now blood and 
to keep up tlui vipjor of tlu! st.rain. Th(^ ni(d,hod hero oufliiHul is an 
attempt to simplify this practice aiul at tlw* same times obtain as gooci 
results as can b<* obtaiTicd by the more dotaihid procedures. It is based 
on experimental staidies carritsd on at the N<ii)raMka Station (Mont- 
gomery, 1909). The details are as follows; 

1. Meet from .100 to 200 oars of the variety to ho grown. If possible, 
select these ears in the field from those apparently disease-free stalks 
which, if in a perfect stand, will give a goofl yi(d(l. 
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2. Make an ear-to-row test of these selected ears, saving half of the 
seed from each ear planted. From this ear-to-row test the 25 best ears 
may be determined. 

3. Mix the remnants of the 25 highest yielding ears and plant the 
following year in a seed plot. Select all ears obtained which are fairly 
desirable, eliminating only the very undesirable types. 

4. Use the selected seed for planting as much of the corn acreage as 
possible. 

5 Give special attention to a part of the field so that a umform stand 
may be obtained. Select enough seed from this part of the field for the 
entire acreage. Select seed for the following year’s seed plot in the fall 
before a killing frost, from perfect stand hills and from those stalks which 
appear free from disease and which under competition show ability to 
produce one or more good cars. Throw away only the ears of very 
undesirable type. 

6. Continue the method outlined under 5 for a period of four or five 
years and then use again the ear-to-row method as outlined under I and 2. 

METHOD OF CORN BREEDING FOR AVERAGE FARMER 

The method here outlined is very simple, yet it is probably as effective 
as the more complicated ear-to-row method in maintaining or increasing 
production. In the plan suggested below a special seed plot may or may 
not bo included. However, it is well to select seed ears from a field 
planted by the lull method and in which there is as nearly a perfect stand 
as possible. Vigorous ears borne on plants growing in closis competition 
probably are vigorous because of their inheritance. Tht^ following steps 
are suggested for this method of corn breeding: 

1. Choose a variety that, is adapted to the particular location. It is 
safer to obtain seed from a high-yielding corn in the neighborhood than 
from a distant locality. 

2. Select mature ears in the field before a killing frost from vigorous 
stalks growing in competition with other stalks. Select cars from three or 
four stalk hills surrounded by other three or four stalk hills. Select 
ears borne at a convenient height with their tips covered with husk. 

3. Never select ears from stalks which show symptoms of disea.se. 
Some of the indications of disease are: smut balls, broken shanks, a 
shredded or discolored scar where the oar was broken from the shank, a 
broken or lodged stalk, a weak growth, and premature ripening. The 
leaves and stalks should be quite green even after the husk on the car is 
partly dry. 

4. Select at least twice as many ears as will be needed for seed. Dis- 
card only the very undesirable cars. 

6. Dry all the ears in a well-ventilated room. It is important to have 
each stored in such a way as to allow a free circulation of air around it. 
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0. Late in winter or early spring test for germination. In localities 
where it has been shown to be desirable, test each ear for germination 
and the pi'esence of disease. 

POTATO SKBD (TUBERS) SELECTION 

One of the most important factors in the production of high-quality 
potato tubers for planting is the control of potato diseases. Investiga- 
tions carried on during recent years have shown conclusively that such 
diseases as mosaic, curley dwarf, leafroll, blackleg, and wilt, which may 
be transmitted vegetatively to the next generation, may bring about a 
marked reduction in vigor of the potato plant and a lowering of its yield- 
ing capacity. Much of the so-called “running out” in potatoes is caused 
by diseases. 

From the foregoing observations, it is clear that every precaution 
should be exercised, first, to obtain disease-free seed stock and, second, 
to grow the plants undesr conditions which will reduce t,lie risk of disease 
infection to a minimum. The latter perhaps may be realized best by 
gi'owing the potatoes which are to be used for seed in an isolated fiedd or 
plot which is at huist 1(X) yards from any other field of potatoes since 
insects, such as apliids, may convey certain diseases like mosaic. Seed 
potatoes should b(* grown on a field that has not grown potatoes for 
several years, and ccu-tainly on one that was not in potatoes the preceding 
year. It is also important to give the necessary attention to seed treat- 
ment and spraying, if one wishes to combat successfully the various plant 
diseases. 

In addition to the elimination of diseases, it is, of course, important to 
grow a standard variety with a high market demand and one that is free 
from admixtures with other varietioj?. Ordinarily the plants grown from 
tubers of a single plant are alike except for the occasional changes which 
occur in the inheritiid characters of the plant itself. Mixture in com- 
mercial tubers is one common cause of lack of purity of typo. The selec- 
tion of tubesrs, therefore^, gives the grower an opportunity to improve his 
variety. It is impor(,ant that the Mis selected Ijy hand h(i from a field 
relatively free from disease and of the best oljtainablo variety. In both 
methods suggestcxl, it is highly de.sirablc to maintain isolated s(Kid plots. 

With the foregoing geimral consideration in mind one may work out a 
method best suited to tlie particular conditions for producing seed tubers 
of high quality. The grower may obtain his seed stock from a reliable 
source, such as the producer of registered or certified seed, or he may pro- 
duce his own seed stock. In the latter case ho may proceed somewhat 
as outlined below. 

First Year. — (o) Remove from the part of the field used for saving 
tubers all plants which show evidences of diseases. This should be done 
during the growing season. 
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(6) At harvest time dig at least 100 hills by hand, keeping each hill 
separate. 

(e) Use tubers from a number of the better lulls for the stock plot the 
following year. 

Second Year. Method /.—Plant all good tubers from previous year s 
selection of best hills in an isolated bulk seed plot. Pnough tubers 
should be used to plant about H acre This requires approximately 5 
bushels, which allows some tubers to be discarded. 

Dii-miAMMATicvL Illuhtuation of Tubee Rbei> Pi>JT Selection op the Potvto 



Method //.— This is the hill-to-row method. In order to compare 
the productive capacity of each selected hill, it is desirable to have each 
row the same length and planted from the same total w(dght of potatoes. 
All of the progeny of some hills will be discarded this second year. Those 
that give a good yield and arc desirable in other ways may be further 
tested. 

Third Year. Method /.—Continue the stock plot by the same means 
as used in Method I for the second yoivr’s work, and use all good tubers 
produced each year in this seed plot for field planting. This work may bo 
continued each succeeding season by the same plan. 
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Method 77— Make a further tost of the best selections as determined 
by the second year’s test, growing much longer rows, thus obtaining 
more reliable results. All tubers free from disease, of the best yielding 
strain or strains, may bo used to increase the stock the following year. 

The essential features of those two methods arc presented on page 378 
in diagrammatical form. Method II probably is somewhat better if all 
details of the te,st arc carefully performed. For the average farmer, 
Method I is less cumliersomo and if const, antly practiced would probably 
give about as good a result as Method II. 

IMPROVEMENT BY SELECTION OF SUCH CROPS AS ALFALFA CLOVER. 

AND GRASSES 

Obtain, if possible*, a variety which is especially adapted l,o the condi- 
tions. Breeding work slumld aim at producing a variety which excels 
in resist, ance to wintiu- injury and to plant diseases and is also a "high 
producer of hay and scjod. 

1. Obtain or *1 poiiiidH of tlio Ixsst available so(i<l. 

2. Plnnt in a nv.vd plot isolat(‘(l uh far as poHsiblo froin other crofw of a like kind. 
Ilant sc<k 1 in rovv^H d fot't apart ami plant two or thrwi siu^ds in (iuch hill, 4 Si)a(?ini]!: the 
hills 2 fcHit apart in th(5 row. 

3. Remove all hut a single plant from (sacli hill when llio plants arc well started. 

4. Koop tho plot fro(i from wtuids. 

»). Diwcurd nil woak from timo to time UiS tla^y become appan^iit. 

6. Save mu I of all dciHinibht plantH and incroaHo. 

The irnprovement of the class of crops here mentioned is somewhat 
more difficult than with small grains, coin, and potatoes, and should be 
undertaken only by the few k(kuI producers who are willing to take the 
necessary trouble to carry out carefully the details as outlined. Oon- 
trelled experiments at some of the state experiment stations and in 
Europe have shown that much gain can be obtained by such selection. 

SEED REGISTRY OR CERTIFICATION 

The production of superior seed by the farmer has been encouraged 
by ra^y agricultural organisations, tho most important of which are the 
crop improvement aH.soeiations. Huch associations were first formed in 
northern Europe, later in (.hmadii, and in thci United States. At the 
present time most of the states north of the Ohio an<l Missouri rivers and 
between the Rocky and Allegheny mountain ranges have organized 
state crop improvement associations. 

These associations are made up of farmers who have organized for 
tho purpose of producing improved seed. The work in any state is 
usually carried out in close cooperation with officials of tho agricultural 
college in that state. In fact, the secretary of tho association, who is 
usually tho executive officer that look's after tho inspection and certifica- 
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tiou of sccdj IS often sl meinber of tbe collei^e stsrff. In some stSjtoSj the 
inspection and certification of seed is in charge of the state department 
of agriculture but here again the work is usually carried on in close 
cooperation with the college of agriculture. 

Seed which meets certain standards set up by the crop improvement 
associations is variously designated as pedigreed, elite, registered, certi- 
fied, and approved. Unfortunately, all associations neither maintain 
the same standards nor designate seed of similar quality by the same 
name. In general, however, pedigreed or elite seed refers to stock which 
may be traced directly to its ancestor or ancestors. The c.xperiment 
stations are the usual source of this seed and they, together with a few 
growers, increase it according to certain rules. Pedigreed and ohte 
usually designate the purest seed obtainable. 

Registered is frequently used to indicate seed that is not more than 
three generations removed from a hand-selected seed plot. The source 
of seed for this plot is frequently pedigreed or elite stock. Sometimes 
registered seed is separated into first, second, and third generation seed 
depending on the number of generations it is removed from the hand- 
selected plot. 

In some states certified seed is used to designate seed of a quality 
|g;Tni1fl.r to that indicated for registercil seed in the preceding paragraph. 
In most cases, however, certified seed does not indicate as high a standard 
of purity as registered seed. Certified seed is high in quality but usually 
its ancestry is less definitely known and it does not trace directly back 
to a hand-selected seed plot. Approved seed, as defined by some seed 
associations, is similar to the certified seed but in some cases the term 
is used to designate seed of a somewhat lower quality and purity. 

Seed Inspection.— Before the stamp of approval is placed upon a 
given lot of seed by the agent of a crop hnprovemont association or the 
organization which handles seed rcgistiy and certification, it is usually 
necessary that it be grown according to certain rules and that it pass at 
least one field inspection and one bin or crib inspection. In the case of 
potatoes there are commonly two field inspections required. The field 
inspection is always made by a personal visit and in many cases the bin 
inspection is made in the same way. A representative sample of the 
seed is very often sent in to the inspector for final analysis and for future 
reference. To help defray the expenses of inspection, cei-tification, etc., 
a small foe is charged to each grower applying for this service. 

The Minnesota Plan for Certain Crops.— As examples of plans for 
seed registry and certification, the methods followed in Minnesota for 
certain crops and in Maine for potatoes are outlined below. The writers 
do not wish to give the impression that these plans are more desirable 
t.ha.Ti others used elsewhere, but they are simply chosen as representatives 
of methods now in use. 
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In MinnOvSOt ci the certification of seeds is in charge of the Minnesota 
Crop Iniprovenient Association. There are three classes of improved 
seed, (1) Pedigreed (Elite), (2) Registered, and (3) Certified. 

Pedigreed (Indite) seed is seed stock which has descended from an 
individual plant or group of plants, of which a definite performance 
record has been k<^j)t and which has shown itself worthy of distribution. 
The Experiment stations and a few special growers use this seed as their 
foundation stock. 

Registered se(^d is improved seed which has passed both a field and bin 
inspection and traces directly back to a special seed plot. Small grains 
as wheat, oats, ef-c., must- l)e within three generations of such a seed plot, 
while corn must b(j selc^cted from a special plot each year. The Experi- 
ment Station and a few sp(^cial growers grow a certain amount of regis- 
tered, first-gon<jration se<^(l uvo.ry ycuir. Growers throughout the state 
have c()nsi<l<irable r<^gist,(‘red scent of second and third generation for sale. 

C(‘.rtificd S(Hul is hlgii-gradc seerl which has passed a field-and-bin 
inspection l)ut <lo<ss not qualify as registered because it has not directly 
descended from a s(i(id plot. 

Inspection Requirements.— -To (jualify as roglstcrod or certified seed tlu^ stock must 
meet tlie adoptcMl inspection nHiuirenKints aud comply with the state seed law. 

A» For wh(iat, oats, ha-rhy, ry<5, flax, aud other small grains the requirements are: 

a. Ofi per (j<mt or more pure as it, grows in the field. 

b. Must h<^ hvxi from seeds of quack grass, clioat, Oanada thistle, sow thistle, 

wild i)<‘a, tiuLstard, a.nd contain l(?ss than oiic^ seed per pound of other 
wo<nl seerts when pn^pannl for sah^ 

c. Not nuu’e than a trace of chaiT, dirt, broken k(.^niels, etc. 

d» Not more than a trace of weathered, scabby, or otherwise disofised kernels. 

c. Must he dry, phuuF), bright, of g<jod color, aud w<ifcigh within 1 pound of the 
oflhual standard weight per bushel. 

/. Must germinut(‘- 90 per cent or more at the time of sale or according to the 
statidard of vitality as nujognissed for good seed of the kind. 

ff. Must contain not more than a trace of mixtures of other seeds; for iustane.e, 
wheat may <«>ntaiu an occasional oat or barley kernel. 

h. Must hi) uniform in sii50 and up to the commonly accepted standanls for the 
kind. 

L In the (Wise of rye it must have been grown at least 20 rods from any other 
rye fn^ld. 

Field inspection must be made during the last three weeks previous to 
iiarv(iHt. 

jB. For Ck>rn: 

а, Mtxst b(? grown at least 30 rods from any other variety or otherwise isolated 

to obviate cross-pollination. 

б. Musi give evidence of 99 per cent or nmre purity. 

c. Must bo dry, mature, well cured, germinate 90 per cent or more, and 

conform to the standard as recognized for good seed. 

d. The cars nmst conform to the standard size, type, color, etc., of the variety, 

* This may vary with the season. 
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e. The seed, when shelled lor delivery, must be umfoiiii luid coaloim in si/c^ 
and shape of kernel to the variety ideal and contain not moie than a tra(‘C‘ 
of butt 01 tip kernels 

f Field inspection must be made during the last thiec weeks previous to 
harvest. 

C For Soybeans, Field Peas, Beans, and Vetch 

a Must give evidence of at least 90 per cent puiity when growing 
h Must be 99 per cent or mote pure when piepaiod lot sahi. 
c Must bo practically Irec from disease m both field and ])in 
d Must contain less than one-half of one per cent of broken seeds and not moie 
than a trace of foreign matcnal. 
e. Must be typical of variety both gi owing and in bin 

/ Must be of good coloi, mature, uniform, well cured, and geiminato 90 per 
cent or more. 

g Must be subject to and inspected within three weeks of harv(‘st 

D. For Clover, Alfalfa, Timothy, Biomus, and other Hay-ciop Seeds 
a Must be 95 per cent or moie puie according to the vjiiiety 
6. Must be inspected in the field while in liloom 

c. Must be blight, good color, dry, and germinate not less than 90 ])Oi cent 

including hard seeds. 

d. Must contain not more than 2 pei cent of brown seeds or fonagu matti^r, 

nor more than a trace of othci hay-crop s(‘eds. 

e. Must be free from dodder, quack grass, and ( Unada or sow thistle 

f. In case of alfalfa, the seed source must be establLshed by afiidavit. Particu- 

lar emphasis will bo placed on purity of variety when given field 
inspection. 

g. In case of bromus, it must be grown on a field fic'c from quack grass. 

If the particular crop passes the scveial inspections to which it is subjected and if 
it meets all the other requirements the seed is legistorcid or certified as the case may be. 
The proper tags are issued to the grower and ho is than at lib(‘.rty to sell his seed under 
the brand given it by the Minnesota Crop Jmprovement Association. 

The Maine Plan for Potatoes. — The certification of seed potatoes in 
Maine is in the hands of the State Department of Agriculture. There are 
three inspections required; two of the plants and one of the tubers. The 
first is made at the time the plants are in bloom, the second at a later 
date, and the third is an inspection of the tubers at shipping time. Addi- 
tional inspections may be made at the option of the chief inspector. 

Pre-requisities to Entering Potatoes for Certification. — It is recommondG<l that 
potatoes entered for certification be grown upon land that was not in potatoes the 
jircvious season and which is isolated, as far as possible, from fields planted with other 
strains. 

It IS recommended that the seed lie from certified stock, the fuM records of which 
have been secured from the inspection service. It is also recommended that the seed 
be as free as possible from common scab and rliizoctonia and bo disinfected with 
corrosive sublimate. 

It is required that the crop be well cared for and bo kept reasonably free from weeds 
and from insect inj'urioH. It is also required that Bordeaux mixture spray bo used to 
control late blight. 

All applications for inspection ntust bo mailed to the State Department of Agricul- 
ture not later than June 15. 
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First Inspection in Field. 1. Morelluin 1.5i)orceiit varietal mixtures will disqualify. 

2. More than 3 per eiuit mosaic will disqualify; mor(i than 2 per cent leaf-roll will 
disqualify; more than 2 per cent blackleg will disqualify; more than 2 per cent wilt will 
disqualify; more tlian 3 per cent ot.her weak hills will disqualify. A combination of 
diseased and weak hills (^pialing S p(^r cent will disciualify. 

3. All w<Mik and diseased hills, of thci types mentioned, must be removed at once 
under the inspector’s <lir<‘cti()n and supervision. 

4. The inspoe.tor will disqualify if fields cnt<‘red for inspection are nearer than 250 
feet to other potatotjs carrying more than a passing allowance for mosaic and leaf-roll. 

Second Inspection in Field. 1. More than 0.5 per cent varicstal mixtures will 
disqualify. 

2. Moni than 2 ])er cent mosaic- will discpialify; more than I per cent leaf-roll will 
disqualify; more than 1 p<‘r <umt blackleg will dis<pialify; more than 1 per cent wilt will 
disqualify; more thati 5 p(T cent si>indle tulxir will discpialify; more than 1 per cent 
weak hills will disciualify. A (‘-ombination of diseased and weak hills equaling 7 per 
cent will dLs(|ualify. 

3. All weak iind badly diseased hills to be removed during inspection. 

4. At this insjx'ction, a sudicient number of hills i)er a<^n^ shall 1)0 dug in such a 
manner as to secure a repr(;s(mtativ<^ sample. Kiv(\ p(^r c('nt prodiuung conspicuously 
less than av(^rag(^ yic‘l(l or off types, stich a,s spimlle tulxu* or giant hill will disciualify. 
(In case of doubt, che(4c results.) 

Third Inspection at Shipping Time.— -1. Majne ccirtilic^d seed potatoes shall ecpial 
or exceed United Htates (irach^ No. 1. 

2. Th(^ inspeudor prc'scuit at this inspesetion will be instnicted to put up suc^h sc^ed 
fitoc^k as he wotild like to recenve^ if he wcsrcj the })uy<^r. 

3. Special car(‘ must bc^ taken to r(‘niov(i all tubers of a long, spindling type. 

SEED SERVICE ORGANIZATIONS 

Orop improvomcnt aHSociations usually function primarily as agencies 
for certifying seed and for printing and distributing a list of the growers 
of improved see<i but, other than this, they do not participate in any 
commercial activity. In a few states fanners have organized for the 
purpose of buying and soiling adapted seeds of high quality. Where such 
a seed service company exists it usually functions as a selling agency of 
the Orop Iinproveniont Association. A warehouse is usually maintained 
where suitable cleaning machinery is available for the various kinds of 
seeds. Perhaps the gnuiiont service that such organizations render is 
that they offer a reliable source for obtaining adapted seed, particularly 
of red clover and alfalfa. 



DEFINITIONS^ 


Acquired Character.— A modification of bodily stmcture, function, or habit which 
*s impressed on the organism m the couise of individual life 

Aleurone.— The outermost layer of the endosperm m cereals when it is rich in 

gluten. 

Allelomorph.— One of a pair of contrasted chaiacters which aie alternative to each 
other in Mendelian mhcntance Often used, but with doulitful propiiety, as a syno- 
nym tor gene, factoi, or determiner 

Allelomorphism#“*~”A relation between two charactcis, sucli that the deteimincrs 
of both do not enter the same gamete but aic separatiid into sister gametes. 

Alternative Inheritance. — A distribution of contrasting ptiiimtal or ancestral chaiac- 
ters among offsprmg or descendants, such that the individuals (exhibit one or other of 
the characters in question, combinations or blends of these charact(‘rs being absent 
or exceptional 

Anthesis.— The period or act of floweung. 

Awn. — A bristle-shaped elongated appendage or extension, to a glume, akene, 
anther, etc. 

Barbed.^ — Furnished with rigid points or short bristles, usually redh^xed. 

Biotype.— A group of mdividuals all of which hav(‘ the same gonotypei. 

Bran. — The coat of the caryopsis, cemsisting of pericaip and seed-coat united. 

Caryopsis. — A one-sceded dry fruit with the thin pericarp adherent to the seed, 
as in most grasses. 

Centgener. — Originally used by W. M, Hays, at the Miniussola Station, to refer 
to a 100-plant plot in which each seed was planted a certain distanc,e from <‘ach other 
seed. 

Chaff. — The floral parts of cereals, generally scpaiated from the grain in thrashing 
or winnowing. 

Chimera. — ‘An association of tissues of difTonmt par(‘ntal origin au<i geuc^tic 
constitution in the same part of a plant. 

Chromosome Hypothesis. — The hypothesis advanced by Morgan in which factors 
are arranged in the cliiomosomeH. 

Class.— In genetics a group that includes variates of similar magnit.udo. 

Clone.— A group of individuals produced from a single original individual by some 
process of asexual reproduction, such as division, budding, slipping, grafting, partheno- 
genesis (when unaccompanied by a reduction of the chromosomes), 

Coefficient of Variability.— A relative index of variation obtain(‘d by expressing 
the standard deviation in percentages of the mean. 

Coupling. — Such a relation between two dominant genes that th<\y have a more 
or less marked tendency to bo mcUidod in the same gamete when the individual is 
heterozygous for both of the genes in question. 

Cross. — Synonymous with hybrid. 

Cross-ferliHzation.— The union of the egg coll of an individual with tho sperm 
cell of a different individual, whether the organisms belong to tlie same or different 
genotypes. 

1 Many of the genetic definitions are taken from Shull (1915), Babcock and 
Clausen (1918), or others. Ball and Piper’s (1916) papers on terminology have been 
used for agronomical terms. 
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Cross-over. — A soparation inio difToreni gamoies, of determiners that are usually 
coupled, and the assoeiaiiou of detcriuiuers in the same gamete which are generally 
in different gametes. 

Detassel. — To nanove the tassel, as in maize. 

Cryptomere. — A factor or gene whose presence can not be inferred from an inspec- 
tion of the individual, l)ut whose existence can be demonstrated by means of suitable 
crosses. 

Determiner. — Synonymotis with gene or with factor .‘is applied in genetics. 

Dominance. — In Meiuh^lian hybrids the capacity of a character which is derived 
from only one of the two generating gametes to develop to an extent nearly or quite 
equal to thfit (^xhibibsl by an individual which has <lerivcd the same character from 
lx)th of tlic generating ganu^b^s. In the absence of dominance, the given character of 
the hybrid usually jmcvsonts a ‘^Idend” or intermediate condition between the two 
parents, but may pr(^s(^nl. mnv features not found in either panmt. 

Dominant. — (1) A character which exhibits dominance, i.c., that one of two con- 
trasted piirental clinracbTs which apf)oars in the individuals of tins first hybrid genera- 
tion to the ex<!lusion of tin? alt.<irnativc “rcc^essive” character. (2) An individual 
poss<^Hsing a dominant eharaeb'r in contrast to those individuals which lack that 
character whudi an^ called “nuuissives." 

£ar. — A large, dcuist^ or luiavy spike or spike-like inflorescience as the ear of 
maize. Popularly applk'd also to the spiko-lik(^ panicle of such grasses as wheat, 
barley, tiinotliy, and rye. 

Emasculation. — Tln^ a(d/ of removing the anthers from a flower. 

Endosperm.-- ■I'J h'! substance which surrounds the e]n]>ryo in many seeds, as the 
starchy part of a k<u’m‘l of wheat or corn. 

Factor.— All independently inheritable elomeut of the genotype whose presence 
makes j)0SHibl<i a spcieifio nsaetion or the developmout of a particular character of the 
organism whicdi possossf^s that genotype; a gone or detominer. 

Floret. — A small flower, (^specially one of an inflorescence, as in grasses and 
Compositic. 

Fi, Fa, Fa, Etc.— First, second, and third, etc. generations following a cross. 

Gamete. — A reproductive} coll containing x number of chromosomes. 

Gene. — Byuonyuious with d(}tormincr or factor. 

Genotype.— The fundamental hereditary constitution or sum of all the genes 
of an organism. 

Glabrous. — Smooth, especially without hairs. 

Glume# — One of the two empty chaffy bracts at the base of each spikclet in 
grasses. 

Gram. — Cereal seeds in bulk. 

Group. — In gonetics, a broiid, general term for a complex of other categories and 
not for a comph^x of any particular category. 

Head.— A dense, short cluster of sessile or nearly sessile flowers on a very short axis 
or receptacle, as in red clover or sunflower. 

Heredity. — The distribution of genotypic elements of ancestors among the descend- 
ants; tlie resemblance of an organism to its parents and other ancestors with respe6t 
to genotypic constitution. 

Heterozygosity#— The condition of an organism duo to the fact that it is a hetero- 
zygote; the state of being heterozygous; the extent to which an individual is 
hotorozygous. 

Heterozygote# — A zygotic Individual in which a^y given genetic factor has been 
derived from only one of the two generating gametes. Both eggs and sperms produced 
by such an individual are typically of Mo kinds, half of containing the gene 
in question, the rest lacking this gone; consequently the offspring of heterozygotes 
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usually consist of a diversity of individuals, some of which possess the corresponding 
chaiacter while others lack it. 

Heterozygous. — The state or condition found in a heterozygote. 

Heterosis. — The increased growth stimulus often exhibited m the Fi generation 
of a cross 

Homozygosis. — The state of bemg homozygous; the extent to which an individual 
IS homozygous 

Homozygote. — An individual m which any given genetic factor is doubly piesent, 
due usually to the fact that the two gametes which gave use to this individual were 
alike with respect to the determiner in question. Such an individual, having been 
formed by the union of like gametes, m turn generally produces gametes ot only one 
kind with lespect to the given chaiactei, thus giving rise to ofTspimg which arc, in this 
regard, like the parents, m other words, homozygotes usually “breed tiue ” A 
“positive” homozygotc with lospect to any chaiactei contains a pair of determiners 
for that character, while a “negative” homozygote lacks tliLs pair of determiners. 

Homozygous. — The state or condition found in a homozygotc. 

Hybrids. — The progeny of a cioss-fertihzation of parents belonging to difTerent 
genotypes 

Hull. — A term applied to include the lemma and palca when they remain atta(;hcd 
to the caryopsis after thrashing 

Hypostasis, — That relation of a gene m which its usual reaction fails k) appear 
liocausc of the masking or inhibitory effect of anothoi gmie; eontrasU‘d with 
“epistasis.” 

Inflorescence. — The flowering part of a jilant 

Keel. — A central ridge resembling the keel of a boat, as in the glumes of some 
grasses, etc.; also the inferior petal in the legume flowers 

Kernel. — Matured body of an ovule, seed minus its coats 

Lethal. — A genetic condition causing death. 

Linkage. — The type of inheritance in winch the factors tend to remain together 
m the general process of segregation. 

Lodicule, — A minute scale at the base of the ovary opposite the pa lea in grasses, 
usually two in number, and probably representing the reduced i>erianth. 

Mean. — The arithmetical average. 

Mode. — The class of greatest frequency 

Mendehze. — To follow Menders law of inheritaneo. 

Multiple Allelomorphs. —Thi CO or more cliaracters which are so related that 
they are mutually allelomorphic m inheritauci*. 

Mutant. — An individual possessing a genotypic charactei difT(u*ing from that of its 
parent or tliose of its parents, and not derived from them liy a normal pro<;ess of 
segregation. 

Mutate. — To undergo a change in genotypic character in<l(»pendently of normal 
segregation. 

Ovule. — Female sox cell with its immediate surrounding parts. 

Ovum. — Egg cell. 

1^2, Etc. — The first, second, etc. generation of the parents. 

Palea. — The upper of the two bracts immoduitely enclosing each floret hi grasses. 

Panicle. — A compound infloroscenco with pcdiceled flowers usually loose and 
irregular, os in oats, rice, proso, etc. 

Pedicel. — A stalk on which an individual blossom is borne. 

Peduncle.— The primary stalk supporting cither an inflorescence or a solitary 
flower. In grasses the uppermost intomodo of the culm. 

Pericarp. — The matured wall of the ovary. 
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Phenotype. — The apptiront type of an individual or group of individuals, i.e, 
the sum of the externally obvious characteristics which an individual possesses, or 
which a group of individuals poss(‘ss in common; contrasted with genotype. 

Presence and Absence Hypothesis. — The hypothesis that any simple Mendelian 
difference between individuals, results solely from the presence of a factor in the 
genotype of the one individual, which is absent from that of the other. Presence and 
absence of unit~differ(?nc.<^H as a convenient method of describing the results of genetic 
experiments should V)e carefully dlstinguLshed from the presence and absence hypo- 
thesis. The method is purely ol )jective and cntir(‘ly free from hypothetical implications. 

Probable Error. — A. measures of ac<uiracy for results obtained by statistical meth- 
ods. The chaiic(‘s are even that the true value lies within the limits marked by the 
probable error. 

Probable Error of a Single Determination. — H. D. X ±0.6745. 

Pubescent. — Hairy in n. general sc'usc; in sp(‘cial use, c.ov(‘.rod with short, soft hairs. 

Pure Line. — A group of individuals derived solely by on<i or nior(i sc‘,lf-fertilis5ations 
from a common homozygous ancestor. Sometimes erroneously applied to groups 
of individuals b(*lieved to hv. gcmotyphailly homogeneous (a homozygous biotyi)e or a 
clone) without n^gaixl to th<i method of nipnxluction. 

Recombination. — Union of parental factors in individuals of the second or later 
generations aft(U’ a <iross. 

Reduction Division. — That, in which homologous chromosomes separate prepara- 
ioiy to formation of ganu^bss. 

Repulsion. — Such ti relation between two gtmeiic hictors that both are not, 
as a mlo, inchld(^d in the same gamete, referring c^specially . to enses in which the 
factors in (lucistlon giv(i rise to obviously cliff crent characteristics; also called “spurious 
allelomorphism.” 

Replication.— Systematic repetition. Used in field work to designate the system- 
atic distribution of plot,H of eacjh strain or variety to overcome soil hc^tcu-ogenoity. 
aVo TCiplications means the u.so of three plots systcMnatically distributcicl. 

Roguing. — Tlu! acd of removing tinchisirable individuals from a varietal mixture 
in the field by hand scdecjtion. 

Seed . — 'fhe mature ovule, consisting of the kernel and its proper coat. 

Self-fertilization. — The union of thci c^gg cell of one individual witli the sperm cell 
of the mine individual. 

^ Self-sterility, — That condition in which the nuih^ gani(d,<^s of ati organism arc 
incapable of fertilizing the fcmialc^ gamt'itc‘s of tlio same individual. 

Segregate. — With referemas to Mcmdclian charactc^rs, to become separated through 
the indc^pendent distribution of the gc;netic facitors before or at the time of the forma- 
tion of tlu^ gametcjs. 

Sex-linked Inheritance.— I'he association of the determiiier for any unit^character 
with a sox-detorminer, in such a manner that the two detenninc^rs arc^ eithc^r generally 
included in the same ganu^tc^, or that they are generally included in different gametes. 

Somatic Segregation- — Wogregation during somatic division. 

Species.— A group of varieties or a single variety which in botanical characters 
and genetic relationship can be differentiated from another group or variety belonging 
to the same genus or to other genera. 

Spikelet— A small or secondary spike, especially in the inflorescence of grasses. 

Spike.-^-A simple xnfliorosccnoo with the flowers sessile or nearly so on a more or h^s 
elongated common axis or raohis. 

Sperm or Sperm CeIl.-*--Male sex-cell. 

Standard Deviation. — An absohite meaHuroment of variation in terms of the mean. 
The square root of the sum of the deviations squared divided by the number of 
variates. 
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Sterility, — Inability to reproduce; when male and female gametes, through incom- 
patibility or some other cause, are incapable of mating oi fertilization. 

Strain. — A group withm a variety which constantly diffeis m genetic factors or a 
single genetic factor difference from other strains of the same vaiiety. 

Tassel. — Used to designate the staniinate infloiescencc of maize. 

Unit-character. — In Mendelian inheritance, a chaiacter or alternative diffeiencc 
of any kind, ’^hich is either present oi absent, as a whole, in each individual, and which 
is capable of becoming associated in new combinations with other unit-chaiacteis. 

Variate. — A single magnitude determination of a character. 

Variety. — A group of strains or a single strain winch, by its structural or functional 
characters, can be differentiated from another vaiiety. 

Variety Group. — A complex of varieties which resemble each other more than 
varieties belonging to a diffeient group Of lowci grade than species 

Xema. — The apparent immediate effect of pollen. It results fiom double 
fertilization. 

Zygote. — The body formed by the muon of two gametes and (‘ontainmg 2 c numliei 
of chromosomes 



LITERATURE CITATIONS 


Aamodt, 0. S., 1923. iiiheritaiiw* of growth liabit and resistance to stem rust in 
a cross between two varieties of common wheat. Jmir. Agr, Research, 24 : 457- 
4()9, 

Aamodt, (). S., and M. N. Levine, t925. Physiological evidence on the genetic 
identity of natural and synthetic strains of wild eminer. Phytopathology, 15: 
554-558. 

Aauonsoiin, a., 1010. Agricultural and botanical explorations in Palestine. U. B, 
bepL Ag)\, Hur. Plant Indus,, BulL ISO. 

Aase, Hannah (1., ami LeHoy Powers, 1920. Chromosome numbers in crop plants. 
Avh, Jour. Botany, 13: 307-372. 

Akeuman, A., 1920. Spdtlike bud sports in common wheat. Hereditas,!: 110-127. 
1921. R<^s<^arches on th(i question of a fatuoid mutation of Avena sativa. Boer, 
Utsad, Tidskr., 31: 200-208. Prom review “The origin of false wild oats’' by 
C. I;, lluskins, an<l J. 11. Fryer, BcL Agr., 6: 1-13, 1925. 

1923, H<‘itrag(i vaiv Ki^nntnis d<n’ Spoltoid-mutationeri des Woizens. 1. Unter- 
suchungen ulxn* <4n(^ Spdtoidform aus Hchwedischem Samnietweizeii, Ileredilas, 
4: 111-124. 

Allard, H. A., 19l9n. Some studies in blosvsom color inheritance in tobacco, with 
sp(‘eial reh^nujce to N. sylooslris ami N. iahacum. Am. Naturalist, 63: 79-84. 
10195. CJigantism in NicoHana tahacum and its alternative inheritance. Am, 
Naturalist, 63: 218-233. 

A LKEMiNK, M 19 1 4 . tJher das Bliihen des Roisos und ciuige si<*/h daran ankniipfondo 
Ei‘sch(nnung(‘n. Zdischr. filr Pflayizmzilchl., 2: 339-375. 

Althavhkn, L., 1908. Yaiv Frage Uber die Vererbung dor langriffeligen und kurz- 
grilTeligtm HlUt.<mf<>rm })eim liuckweizen und zur Mothodik der Vercdelungdieser 
Pfianze (Russian)* Jour, filr cxperimentelUi Latulmrischaft,, 9: 508. 

1010a. Aus pflanzmizuchtorlschen Arheiton am Buchwoizen (Russian). Jour, 
far expminvnt(4le Land;wittschaft, 11: 39- *51. 

10105. lOinige J)at(m aus Arlxiiten am Buchweizen (Russian). Jour, far 
experimonU'Ih Landwirtschaft, 11: 818-824. 

Anderson 10. C., 1021. The inheritance of salmon silk color in maize. N, Y, 
{Cornell) Agr, Exp, Bta,, Mem. 48. 

1924a. P<^ri<^arp studii^s in maize. II. The alU^omorphism of a series of factors 
for ])(*.n(‘,arp <H>lor- ilenai'm, 9: 442-453. 

10245. Gemitic factor for yellow' endosperm color in maize. Papers Mich. 
Aciwi. .Sci., 4: 51-54. 

and R. A. Embjubon, 1923. Pericarp studies in maize. I, The inheritance of 
pericarp colors. Gcmtics, 8: 466-476. 

Anderson, P, J., 1025. Susceptibility of Niootiana species, varieties, and hybrids 
to tobacco wildfire. Phytopathology, 16: 77-84'. 

Anthony, R. D., and tJ. F. Hepkick, 1916. Some notes on the breeding of rasp- 
berries. N, Y, (Geneva) Agr, Exp. Bta., Bull. 417. 

Armsthono, H. F., 1922, The Mendelian inheritance of susceptibility and resistance 
to yellow rust (Puccinia glumarum, Erikss. k Henn.) in wheat. Jour, Agr, Bd,, 
12 ^ 67-96. 


389 



390 


BREEDING CROP PLANTS 


Arni, A C,1924. Winter hardiness of modiurn red clover strains Joui Aw Soc 
Aqwn , 16 : 2G8-278 

and H K Hayes, 1918 Expoiiments in field toclmie m plot tests. Joui Aqt 
Reseaichj 15: 251-2G2 

and li J. Garher, 1918 Vaiiation and coi relation in wheat, with special 
reference to weight of seeds planted Jour Agr Reseaick, 14 : 359-392. 

1919. Field technic in deieiminmg yields of plots of giain by the lod row 
method. Jour. Am Soc Agtoti , 11 : 33-47. 

Arrhenius, O, 1921 Expeiiinents in combating the gray spot disease in oats. 

Sec Botan Ahatiacis, 13 , entry 7,<S8G, 1924 
Auchter, E C , 1921. A prclimmaiy leport on apple and pear breeding in Maryland 
Proc Am Soc. Tloyt Sn , 17 : 19-32. 

Babcock, E B , and 11. E, Clausen, 1918 Genetics in rtdaiion to agnculture. 

McGraw-Hill Book Company, Inc , New York, G75 p]) 

Backhouse, W 0., 1916-1017. Note on the inheiitance of ‘'crossability.'’ Jout. 
GeneHcs, 6: 91-94. 

1918 The inheiitance of glume length in T. j)olomcum A casi‘ of zygotic 
inhibition Jour G('netu\%T: 125-135 

Bailey, L II, 1808. Evolution of our native fiuits. TIk^ Macmillan (Company, 
London, 472 pp. 

1800 Expeiienccs m crossing cuciubits. Ann. Repf. Cornell Agr. Eip. Sta , 
3: 180-187. 

1900. Cyclopedia of Anieri(*.an horiicultur(‘. 4 he Macmillan C ompany, 
New York, 1, 410 pp. 

Bain, M., and S H. Essary, lOOG Selection for disi^asi^-resistant (‘lover. A pre- 
liminary report. Temi. Agr Eep Sta , Bull. 75. 

Ball, C. R, 1910. The history and distribution of sorghum. N. S . Dept. Agr. 
Bur. Plant Indus , Bull 175. 

1910 The breeding of grain sorghums Am Breeders' Mag., 1: 283-’ 203. 

Ball, C R, and C. P. Pibrr, lOlG. (‘outiibutions to agronomic*, teiminology. 

Jour. Am. Soc. Agron., 8: 1-0, 197— 20 f, 228-237, 310—315. 

Balls, W. L, 1910. Studies of Egyptian Cotton. Yearbook Khedw. Agr. Soc., 
1909 : 1-158. 

1912 The cotton plant in Egypt, studios m physiology and geneti(‘.s. The 
Macmillan Company, Tjondon, 202 pp 

Barber, C. W., 1911. Not^^ on the influence of shape and size of plots in tests of 
varieties of grain. Maine Agi. Ecp. Sta., Bull. 22G. 

Barker, H D., 1023, A study of wilt rosishmee m fiax’. Mum. Agr, Exp. Sta., 
Tech. Bull. 20. 

and H K. Hayes, 1024. Rust resistance in timothy. PhyUrpathology, 14: 3G3- 
371. 

Barney, A. F., 1924 The inheritance of smnt resistanccj in crosses of <^(Ttain varieties 
of oats. Jour Am. Soc. Agron , 16: 283-200. 

Barrus, M. F., 1918 Vaiietal susceptibility of beans to strains of Colletotrichum 
hndemulhtanum (8acc. & Magn.) B. & C. Phytopathology, 8: 580-G14. 
Batchelor, L. D., and H. 8 Reed, 1018, Redation of the variability of yudds of 
fruit trees to tbo accuracy of field trials Jour. Agr. Research, 12: 245-283. 
Baur, E., 1914. Einfuhrung in die cxporimentelle Vcrcrbungslehro* Gebriidcr 
Bornirasger. Berlin, 2<1 cd., 401 pp. 

Beach, H A , 1808. Self-fertility of the grape. N. Y, State Exp. Sta,, Bull. 151, 
1899. Fertilwmg self-stcrilc grapes. N. Y. Slate Exp. Sta,, Bull. 1G9. 

1902. lnv<‘st.igations (toncerning the self-fertility of the grapo. N. Y. State 
Enp, Sta., Bull. 223. 



LI TEUA TURE CITA TIONS 


391 


Beal, W. J., 1870-ISS2. Urpts. Mich. Board A gr., 187(), 1877, 1881, and 1882. 
Beckeu, J., 1922. (’1)fT Vo.rc‘rl)nnf?sji:escd.zo boi Chirken (On laws of inheritance m 

cuciirl )iis ) . Zri t^srh r. f ur PJlan&cnzndU., 8 : 290-293. 

1923. A (*ontribnti()n to ]>ca(:h l)rc^eding. Gartenwclt, 27: 274-275, 285^286, 
Aljstraebid in HoUm. Ahsfract,s\ 13: IKiO, entry 7,683. 

BELLiN(i, J., 1912a. Third j^encration of the cross between velvet and Lyon beans. 
Fla. Agr. E.rp. Fla. RrpL, 1912: 115-127. 

19125. tb*ossin^^ cf>nL Fla. Agr. E.rp. Fta.'Prens Bull 97. 

1913. Rept. of As.sisi,ant Botanist. Fla. Agr. Exp. Sta. Rapt., 1913: 104-1^^; 
1914a.. The inod(i of inheritance' of scan i-st(Ti lily in the offspring of cjcrtain hybrid 
plants. Zeil^vhr. fur hid. Almtamniu. Vanrb, 12: 303-342. 

19145, Jnh<‘rit:tnce of pod pubesc,en(*(‘ and partial sterility in Stizolobiuin crosses. 
Fla. Agr. Exp. Fla. Rapt., 1914: 31 --55. 

1915a. Inheritance of mottling of the sc^ed-eoat. Fla. Agr. Exp. Fta. 

1916: 111-127. 

19155. inli(‘ritan(Hii of length of pod in ecTtain crosses. Jour. Agr. ReseaTch, 
405-420. 

1925. h’raetiire of eljroniosonnis in ry(t. Jour. Ilaradilu, 16: 300. 

and A. K. Hlakesi.kk, 1923. The rc'dmdion division in haploid, diploid, trip- 

loid, and t(‘traploi<l I)a.turas. Proa. Eat. .Acad. Fai, 9: 106-111. 

BEitTHAnLT, B., 1911 (1913). Note BrelimiTuun^ sur rorigine spocifiipie (Ic^, la Boinino 

d(‘ 3\‘rr(i. I at. (Uatf. da danatupw, 4: 377- 380. 

Bii^’een, B. II., 1905. M(‘T)d(4’s law of inheritances and wheat bre^eding. 

Agr. FcLf 1 : 4- 48. 

1907a. Sbulic'H in thci inhcTitanee of disease resistances Jour. Agr. 2: 

109-128, 

10075. I'he liybridi;5ation of barleys. Jour. Agr. Fci., 2: 183-206. 

1912. Studies in the inht*ritaiie<} of disease njsistaneo. 11. Jour. Agr. 

421-429. 

1910. Tint suppression of cluiraetc'rs on cros.Hing. Jour. GaneHcs, 6: 22r5-228. 
1917. 8yst<'nializ(*<l plant brcculing. In Heward's Science and the Nation, 
pp. 14<i*d75. Univc^rsity Press, C -anibridge. 

and P. L. Msmiiucoow, 1926. ^Vh(^at bree<ling invest igations at the Plant Brooding 
Institute, < Ijuiibridgc*. RcHcrnrh Monograph 4, Ministry of Agr. and 
IjondoiL 

Bollev, H. L., 1901. Flax wilt and flax sic’k soil. N. I). Agr. Exp, Fta., Bull. 50. 
1903, Plax and Ilax srnul s<‘l<*etion. N. I). Agr. Exp. Fla., Bull 55. 

1009. Sonn^ n'siilis and observations noted in brt'caling cercads in a specially 
prepan^d dist^ast' garden. Proc. Am. Hrvadanr* *4.s%sw,, 5: 177-182. 

1912. IL'sistiint flax se<‘d for sowing purposes. N. J), Agr. Exp. Fta., Bull 
57. 

BLAmNGiU'JM, fj., 1 91 4 , Hur la production d’hyl )ri<h‘s (mtres I’Kngrain {Tridfarti moua^ 
coccuw) (*t diffenmis bF»H eultiv^'s. dompl. rend. aead. Fn. (Paris), 168: 346-349. 
Bonak, Lee, (924. Htudies on the biology of Brachyaporium IHfolii. Arn. Jour. 
Botany, 11: 123-158. 

Bjund, O. j., 1911. ( Irbnm alfalfa and its utilization in the Northwest. V. P^V^- 
Agr., Bur. IHant Indm., BvlL 209. 

BttEEZE, M. H. (b, 1921. Degeneration in anthers of potato. Card. Cfiron., 
70:274-275. 

BttEfKiEii, T., HllS. ‘Linkagt^s in inaize: The C ahnirono factor and waxy 
Am. jSfainraliHt, 62; 67-61. 

Brewmakku, If. E., 1926. studies of self fertilization in ryo. Minn. Agr. 

7Wf. BtdL 40. 



392 BREEDING CHOP PLANTH 

Briggs, Fred N., 1926 Inheritance of reaLstance to btint, Tilletia mitin (Bjoik ) 
winter, in wheat. Jour, Agr, Research, 32: 973-990. 

Briggs, L. J, and H. L. Shantz, 1914. Relative water requirement in plants 
Jou) Agr Research, 3: 1-63. 

Brink, R. A , and J. H. MacGillvray, 1924. Segreg:ation for the waxv character in 
maize pollen and differential development of the male ganictophytc. Am. Jouu 
Botanij, 11: 4G5-469. 

Brotuerton, W., Jr., 1923. Further studies on the inhentanec of '‘rogue'" types m 
garden peas (Pisum sativum). Jour. Agr. Research, 24: 8l5-8o2. 

1924 Gamete production in certain crosses with "rogues” in peas. Join. Aqr. 
Research, 28: 1247-1252. 

Brunson, A. M., 1924. The inheritan(*e of a k^thal pale green seedling character m 
maize. N. Y. {Cornell) Agr Exp. Bta., Mem. 72 

1926 The relation of inheritance studies to corn impiovemont. Jour. Am. Boc. 
Agron., 18: 308-314. 

Burkholder, W. H., 1918. The production of an anthracnose-resistant white mar- 
row bean. Phytopathology, 8 : 353-359. 

Burnett, L. C., T. R. Stanton, and C. W. Warburton, 1925. Improved oats for 
the com belt. U. B. Dept. Agr , Bull. 1343 
Bushnell, j. W., 1922. Isolation of uniform types of Hubbard sciuash by inbreeding. 
Proc. Am. Boo. Hort Bci., 19: 139-144 

Caporn, a. St. Clair, 1018. An account of an experiment to deiermiiu^ the luTodity 
of early and late ripening in an oat (toss. Jow (kneiics, 7 : 247-257. 

Carleton, M. a., 1916. The small grams The Macmillan Company, N(‘W \'ork, 
699 pp. 

Carrier, Lyman, 1919. A reason for the contradictory results in corn expcTiments. 
Jour. Am. Boc. Agion., 11: 106-113. 

Chambliss, Charles E, and J. M. Jenkins, 1923. Some new varieties of rice. 
rj. S. Dept. Agu Bull., 1127. 

Christie, G. I., 1923. Clover seed from southern Europe fails on Indiana farms. 
Purdue {Ink.) Agr. Exp. Bta., (Hrc. 114. 

Christie, W., 1921. Die Vcrcrbimg gelbgestreiftcT Blattfarbo bei Hafer. Zcitschr. 
Induk, AhsL u. Vererh., 27 ; 134-141. 

Clark, C. F., 1923. Report of research committee on breeding and selection. Proc. 
Potato Assoc. Am., Tenth Meeting. 

Clark, J. A., 1926. Segregation and correlated inheritance iu Marquis and Hard 
Federation crosses, with factors for yield and quality of spring wh(»at in Montana. 
V. B. Dept. Agr., Bull. 1403. 

and J. H. Martin, 1925. Varietal experiments with hard red winter wheats m 
the dry areas of the Western United Rtates. U. B. Dept Agr., Bull. 1270. 
Clausen, R. E., and T. H. Goodspeed, 1921. Inheritance in Nicotiana iabanm 11. 
On the existence of genetically distinct red flowering varieties. Am. Naturalist, 
56: 328-334. 

and T. H. Goodspeed, 1924. Inheritance in Nicotwui iahacum TV. The trisomic 
character "enlarged.'^ Genetics, 9: 181-197. 

and T. H. Goodspeed, 1925. Interspeciflc hybridization in Nicotiana, 11. A 
tetraploid glutinosor-tabacum hybrid. An experimental varificiation of Wingc's 
hypothesis. Genetics, 10 ; 278-284. 

and Mj C. Mann, 1924. Inhentance in Nicotiana iahacum V. The occurrence 
of haploid plants m interspecific progenies, Proc. Nat. Acad. Bd., 10 : 121-124. 
Coe, H. S., 1 918. Origin of the Georgia and Alabama varieties of velvet bean . J our. 
Am. Boc. Agron., 10; 176-179. 

and J. N. Martin, 1920, Sweet clover seed. (/, S, Dept Agr., BuU. 844. 



LITERATURE CITATIONS 


393 


Coffman, F. D,, John H. Parkek, and K. S. Quisenberry, 1925. A study of 
variability in the Burt oat. Jout» Agr, Research^ 30: 1—64. 

Collins, E. J., 1924. Inheritance of colour pattern of King Edward potato. Jour. 
GeneticSj 14 : 201-202. 

Collins, G, N., 1909. The importance of broad l^reeding in corn. U, S. Dept. Agr. 
Bur. Plant Indus., Bull. 141. * 

1909. A new type of Indian corn from China. U. S. Dept. Agr., Bur. Plant 
Indus., Bull. 161. 

1910a. The value of first-generation hybrids in corn. U. S. Dept. Agr., Bur. 
Plant Indus., Bull. 191. 

1910/>. Incr(.‘ased yields of corn from hybrid se(;d. Yearbook U. S. Dept Agr 
1910:319-328. 

1912. The origin of maize. Jour. Washifigton Acad. Sd., 2: 520-530. 

1912. Gametic (coupling as a cause of correlation. Am. NaturalisL 46: 569- 
590. 

1917. Hybrids of Zea raniosa and Zea funicata. Jour. A gr. Research, 9 : 383-395. 
and J. H. Kemi‘ton, 1911. Inheritance of waxy endosperm in hybrids of 
Chinese niaiz(i. Int. ConJ. d.e Genetique, 4: 347-357. 

1913. Effects of cross-pollination on the size of »s(^cd in maize. Misc. Papers, 
U. S. Dept, Agr., Bur. Plant hulus,, Circ. 124. 

1914. Inheritance of endosperm texture in sweet X waxy hybrids of maize. 
Am. Naturalist, 48: 584-594. 

1920a. ileritablc charac^ters of nmize. I. Lin eatc leaves. Jour. Heredity, 11 : 3-6. 
19205. A teosinto maize hybrid. Jour. Agr. Research, 19 : 1-38. 

Collins. J. L., and MAiiOARET C. Mann, 1923. Interspecific hybrids in Cropis II. 
Genetics, 8: 212-232. 

Conner, A. B., and 11. E. Karpbr, 1 923. The inheritance of seed coat color in certain 
crosses in grain sorghum. Jour. A?n. Soc. Agron., 16 : 338-344. 

1924a. Chlorophyll dcficuoncies in sorghum. Jour. Heredity, 16 : 377-378. 

19245. Inbreeding grain sorghum. Jour. Heredity, 16: 299-302. 

Connors, C, JI., 1923. Poach breeding— a summary of results. Proc. Am. Soc. Ilort 
Sd., 1922: 108-115. 

Cook, O. F., 1913. Heredity and cotton breeding. U. S. Dept. Agr., Bur. Plant 
Indus., Bull. 256. 

1915. Brachysm, a hereditary deformity of cotton and other plants. Jour. 
Agr. Research, 3 : 387-400. 

Cooper, II. P., 1023. The inheritance of spring and winter growing habit in crosses 
between typic^al spring and typical winter wheat/S and the response of wheat 
plants to artificial light. Jour. Ani. Soc. Agron!, 16 : 15-25. 

Correns, G., 1899. UnttTsuchungen fiber die Xenicn bei Zea Mays. Ber. d, Deutsch 
Bat. Ges., 17: 410-H7. 

IDOL Bastardc zwischon Maisrassen mit besonderer Borficksichtigung dcr 
Xenicn. Bibliotheca Bolanica, 63 ; 1-161. 

Cox, J. F., and G. II. Mecjee, 1924. The clovers and (dover seed production in Miciu- 
gan. Mich. Agr. Exp. Sta., Spedal Bull 130. 

Crane, M. B., 1915. Heredity of types of inflorescence and fruits in tomato. Jo^ir. 
Genetics, 6; 1-11. 

Crandall, C. S., 1918. Apple-bud selection, apple seedlings from selected trees. 
Ill Agr. Exp. Sta., Bull 211 : 181-264. 

1920. The apple cross— Tolman X Malua ioringo, Proc. Am. Soc. Horl Sd., 
1919:60-66. 

CxrMMmos, M. B., 1904. Fertilization problems: A study of reciprocal crosses. 

' Maim Agr. Exp. Sta., BvU., 104. 



394 


BREEDIM! CROP PLANTE 


(,'tiTLBR G 11., 1019. A dwarf wheat. Jnm.Am Eoc , 11: 7(5 /S. 

Darwin, Charlek, 1877. The effcic-tt, of <ro.ss- and seli-fcrliUzation in tlio vej.,. table 
kiiiftdom. D Appleton & Oonipanv, London 
Dalgken, K. V. OsHiAN, 1922. Vererlmng dcr Heterostybe bei iagopvrum (iiebst 
oininon Notizon nber Pnlmonanu) Jlemhlan, 3: 91-99. 

Darrow, G. M., 1924. The Van Fleet ia.spberry; a new hybrid variety. U. 8 

Dept. Agr f Cue 320 

Davidhon, F. R,, H F Brewbaker, and N A. Thompson, 1924. BrittU' straw and 
other abnormalities m lye Jour. Agr. Research, 28 : 199-172. 

De Candolle, Alwionke, 188(5 Origin of cultiva(,ed plants Kegan Paul, Trench 
and Co., London, 408 pp 

Dblwiciib, E. J , and E. .f Hbnard, 192f5. Breeding new varieties of canning peas. 
Win Research Bull 70 

Dembrbo, M., 1923a Heiitablc char.icters of maize \'V. (.eiinless seeds. Jour. 

Ilcredihj, 14: 297-300 ^ 

19236, Inheritaiioc of white Hoedlings m inaizt' (icnefirs^ 8: oOl-o.W. 

1924 Genetic relations of five factor pairs lor vir(‘S(;(‘nt, see<lIinj»H in maize 
N. Y. (Cornell) Agi Exp Bin., Mem <S4 

1925. Inhcritariec of pale ftieen seedluif^s m maiz(‘. Genetirs, 10: 318-344. 
192f>a. Hontable chai acters m maize XXV . Tii^hald He(‘<il mgs. Jo nr. Heredity, 
17: 301-306. 

19266. Notes on linkages in uiaizo Am 60: 172-1 /o. 

Denham, 11 J , 1924. The cytology of the cotton plant ^11. Chroinosonio numbers 
of old and new world cottons. Ann Botany, 38: 107 138. 

Dettweiler, 1914 Aryan agriculture. Jour Ileredifij, 6: 473-481. 

DeVries, EIxjgo, 1899. Hur la fecondation hybud(‘ de ralbuimm. (Jompies rend, 
des Beances de V Academe den Heanres, 129: 973-975. t r i • 

1906. 5 Specios and vanotios: their origin by mutation. Ojxm C/ourt niblishmg 

Company, Chicago. ^ • .i ./■ 

1907. Plant breeding. Open Court Publishing Company, ('hicago, 360 pp. 
Dickson,* J. G., and J. R. Holhekt, 1926. Tb(‘ influence of temp(Tatur(‘ upon the 

metabohsm and expression of disease resistance in H(4f(*<l Un(*s of (*orn. Jour. 


Aon *S'oc, A {/row., 18: 314-322. 

Dillmak, a. C., 1916. Breeding millet ami sorgi) for drought adaptat.ion. (/, h. 

Dept. Agr., Bodl.%Si\. ^ , kt \ r\T 

Don, George, 1838. A general history of tli(‘ di(‘hlamydeous plant. VoL IV. 


Corolliflorie. 

Doolittle, S. P., 1922. Comparative snsc(‘ptibility of Furopeau^ and Amcrnian 
varieties of cucumbers to bacterial wilt. Rhytopathology, 12: 143-14(). 

Dorsey, M. J., 1914. Pollen diwelojiment in tlu* grape witli spernal reference to 
sterility. M%nn. Agr. Exp Hla , liullAA.^. ^ a 

1016. The inheritance and permanence of clonal varieti<‘S. Rroe. Am. hoc. 


Hart hci., for 1916; 1-31. 

1910. A study of sterility in the plum. Oenelics, 4:417 488. 

1919, A note on the dropping of flowers in tluj pot-ato. Joui. Ilercdityf 10: 


220—228 

Dorst, j. C., 1024, Bud mutation in the potato and WiA agricultural significance. 

Jour. Genetics, llA'-VZl ^ 

Dugoar, F. j., 1907. Description and classification of varietals of American Upland 
cotton. Ala. Agr. Exp. Bta , Hull, 140> 

DerNLAVY, H., 1923. Correlation of characters in Texas cotton. Jouo\ Am, hoc. 
Agron.^ 16; 444*448. 



LITERATURE CTTATIONH 395 

Durrell, L. W., and J. H. Parker, 1920. Comparative resistance of varieties of 
oats to crown and stern rusts. Iowa Agr, Exp, Sta., Research Bull. 02. 

Durst, C. E., 1918. I'oinato selection for fusariuni rosistaneo. Phytopathology, 
8:80. 

East, E. M., 1907. The relation of certain biological principles to plant l^reeding. 
Conn. Agr. E.C 2 ). Eta., Bull. 158. 

1908a. Home essential points in potato breeding. Conn, Agr. Exp, Efa., Ann 
RepL, 1907-1908: 429-447. 

19086. A study of the factors influencing the iinjirovoinent of tlio potato. III. 
Agr. Exp. Eta., Bull. 127. 

1908c. Iiibrcoding in corn. Conn. Agr. Exp. Eta. Re])!, 1907 : 419-428. 

1909. A note concerning inheritance in swciet corn. Enence, N. E., 29: 4(),5- 
467. 

1910a. The transmission of variations in the ])otato in asexual n^prodiuttion. 
Cotm. Agr. Exp. Eta. Re 2 )t., 1909-1910: 119-160. 

1910c. The role of hybridization in plant ])n^c^ding. Pojmlar Eri. Monthly 
October, 1910: 342-355. 

1912a. A study of hybrids between Nicol/iana bigelorii tuid N. qnadrwalvU. 
Botan. Gaz., 63: 243-248. 

19126. Inheritance of color in the aleuronc cells of inaiz(^. Am. Nataralut, 
46: 363-365. 

1916a. studies on size inheritance in Nicotiana. GenstivH, 1: 164-176. 

19166. Inheritance in crosses Ix^tween Nicotiana langadorj/ii and Nicotiana alatci. 
Geneticfi, 1: 311-333. 

1919a. Studios on self-sterility III. The rcjlation between self-f(TtiI<^ and s<4f- 
sterile plants. Gmctica, 4 : 340-345. 

19196. Studios on self-sterility IV. Selective fertilization. Gtmelw, 4: 346- 
355. 

1919c. Studies on solf-storility V. A family of seIf-st<Tihi plants wholly cros,s- 
sterilo inter se. Gmelica, 4 : 35(>-363. 

and H. K. Hayes, 1911. Tnh(5ritauco in maize. Conn. Agr. Exp. Eta., Bull 
167. 

1912. Heterozygosis in evolution and in plant l^reeding. U. E. Dept. Agr., Bur. 
Plant Indus., Bull. 243, 58 pp. 

and D. F. Jones, 1919. Inbreeding and oiitbrecjding. J. B. Lippin( 5 ()t.t 
Company, Philadelphia, 285 pp. 

1920. Genetic studies on the protein content in maizes. Genetics, 6: 543-610. 
and MANGELsnojtF, A. J., 1925. A nciw inhTpnaatiori of the hc^n^litary 
behavior of the self-sterile plants. Proe. Nat. Acad. En., 11: 166-171. See 
Botan. Abstracts 14, entry 8,742, 1925. 

and J. B. Park, 1917. Studios on self-sterility I. The behavior of self- 
sterile plants. Genetics, 2 : 505-609. 

1918. Studies on self-sterility II. Pollen tube growth. Genelies, 3 : 353-366. 
Edgerton, C. W., 1918. A study of wilt-resistancc in the soed-bt^d. Phy to pathology, 
8:5-14. 

Eoxz, S. A., 1925. Experiments in buckwheat breeding. Bull.App. Botan. and Plant- 
breed., 14: 235-251. Abstract in Botan. Ahstracts, 16: 81, 1926. 

EliPers, Arthur T., 1925, Some pollination and cytological studies of sweet clover. 
Unpublished thesis submitted to the faculty of the Graduate School of the 
University of Minnesota in partial fulfillment of the requirements for the Degr<J 0 
of Master of Sciience. 

Emeksojst, R. A., 19X0. The inheritance of sizes and shapes in plants. Am. Natural- 
ist, 44: 739-746. 



396 


BREEDING CROP PLANTS 


1911. Genetic correlation and spurious .allelomorpliism m maize. Ann. Rept 
Neb Agr Evp. Sta., 24 : 59-90. 

1912o. The unexpected occurrence of alcurone colors in fa of a cross between 
non-colored varictic.s of maize Am JVoturofisi, 46: 612-615. 

19126 The inheritance of the ligule and auricles of com leaves. Ann. Kept. 

Neb Exp. Sta , 26 : 81-88. . ^ . c 

1914a. The inheritance of recurring somatic variation m vanegatod ears or 

maize. Nebr Agr. Exp Sta , Research Bull. 4. 

19146. Multiple factors vs. “Golden Mean” in size inheritance. In Science, 

JV.S, 40 : 57-58. , ,■ a rs 

1916. A genetic study of plant height in Phaseolus vulgaris. Nebr. Agr. Exp. 

Sta., Research Bull 7. _ . o i oe 

1917. Genotioal studies of variegated penoai p in maize. Genetics, 2 : 1 65. 

1918 A fifth pair of factors, Aa, for aleurone color in maize, and its relation to 
the Cc and Rr pairs. N. Y. (.Corndl Agr ) Ecp. Sta , Mern. 10. 

1920 Heritable characters of maize. II. Pistillate flowered maize plants. 


Jour. Heredity, trb-n , , c r 

1921a. Heritable characters m maize. IX. Crinkly leaf. Jour. 


H&i edity. 


12 . 207-270. 

19216. The genetic relations of pliint colors in maize. 


AT. 7. {Cornell) Agr, 


Exp. Sta j AJem. 39. 

1923. The inheritance of blotch leaf ni maize. 


N, Y. {Cornell) Agr. Exp 


Sta., Mem. 70. • 

and 0. B. Hutchison, 1921. The relative frequency of crossing oyer m micro- 

spore and in nicgaspore d('velopment in maize. Oeuetica, 6; 417-432. 

and E. M. East, 1913. The inheiitance of certain quantitative characters m 

maize. Nehr. Agr. Exp Sta., Uenearch Bull. . . 

and S. 11. Emebron, 1922. (Jenotic intorrelat/ions of two andromonoocious 

typos of maize; dwarf and anther oar. Genetics, 7 : 20hi''"MG. « 

Kngledow, F. L., 1914. A case of repulsion in wheat. Proc. Cambridge PhU. Soc., 


17:433-435. 

1920 Inheritfince in barley. Jour . Genetics, 10 : 93-108.^ 

1920. The inhentan<jo of glume length and grain length in a wheat cross. Jour. 


Genetics, 10: 109-134. ^ , j.- as r 

1923. The inheritanc^e of glume length in a wheat cross (continuoclb Jour. 


Genetics, 13: 79-100. 

ENQiaii-Gmo, 1919. Syllabus der Pfianzenfumilipn, p. 128. 

Ebsaby, K. II , 1921. Lespedeza (Japan clover). 7'enn. Agr. Exp. Sta , Brill. 12.5. 
Ethbkidue, W. C., 1916. A claasification of tho varieties of cultivated oats. N. Y. 
{Cornell) Agr. Exp. Sta , Mem. 10, 

Evanr, T. B. F 014 E 191 1. South African cereal ruslH with oljHorvationH on the prob- 
lem of breeding rust-resistant wheats. Jour. Agr. SH., 4: 95-104. 

Eyster, WiLUAM H,, 1920. Heritable characters of maize. VI. Zigzag culms. 

11:340-367, . , . i. 

1921. The linkage relations between the factors for tunicate ear and starchy 
sugary endosperm in maize. Genetics, 6 ; 209-240. 

1922a. Tho intensity of linkage between tho factors for sugary cndospcirm and * 
for tunicate ears, and tho relative frequency of their crossing over m miorospore 
and megaspore development. Genetics, 7 : 597-601. 

19236. Inhoritanc(^ of zigzag culms in maize. Gemlics, 7 : 559-567. 

1922c Scarred endosperm and size inheritance in kernels of maize. Mo, Agr. 


Exp. Sta., Research Bull. 52. 

1924a. A primitive sporophyte m maize. Ajn. Jour. Botany, 11 ; 7- 14, 



LITERATURE CITATIONS 397 ' 

19246. A second factor for primitive sporophyte in maize. Am, Naturalist, 
68:436-439. 

1924c. Heritable charactei’s in maize. XIX. Polkadot leaves. Jour, Heredity, 
16 : 397-400. 

1924^/. A genetic analysis of variegation. Genetics, 9 : 372-404. 

1925. Mosaic pericarp in maize. Genetic.^, 10 : 179-196. 

Farrer, W., 1898. The making and improving of wheats for Australian conditions. 
Agr. Gaz. N, S, Wales, 10 : 131-168. 

Fergus, E. N., 1922. Self fertility in red clover. Ky. Agr. Exp. Sta., Circ. 29. 

Fisher, H. A., 1925. Statistical methods for research workers. Oliver and Boyd 
Publishing Company, Edinburgh. 

Fisk, Emma I., 1925. The chromosomes of Zea mays, Proc, Nat. Acad. Sci. {Wash- 
ington, D. C.) 11 : 352-356. 

Fletcher, F., 1907. Mendclian heredity in cotton. Jour. Agr. Sd., 2: 281-282. 
Fletcher, S. W., 1911. Pollination of the Bartlett and Kieffer pears. Fa. Agr. Exp. 
Sta. Rept., 1909 - 1910 : 213-224. 

1916. North .Ajnerican varieties of the strawberry. Va. Agr. Exp. Sta., Tech. 
Bull. 11. 

Florell, Victor H., 1924. Studies on the inheritance of earlinoss in wheat. Jour. 
Agr. Research, 29 : 333-347. 

Focke, W. O., 1881. Die Pflanzen-mischlinge. Borntrtrger, Berlin, 569 pp. 
Frandsen, H. N., 1917. Die Bofnichtungsverhilltnlsse bei Crass und Klee in ilirer 
Beziehung zur Ztlchtung. Zeitschr, fdr Pflameiiz'iiiM., 6. 

Fraser, A. C., 1919. The inheritance of the w(‘ak awn in certain Avena (irosses and 
its relation to other characters of the oat grain. Cornell Univ, Agr, Exp. Sta., 
Mem. 23. 

1924. Heritable characiei’s of maize. XVII. Intensified red and purple 
aleurone color. Jour. Heredity, 16: 119-123. 

Freak,' D. W., 1915. Crossing of wheat dowers unprotected after emasculation. 
Jour. Heredity, 6 : 350. 

Freeman, G. F., 1917. Linked quantitative charact(U's in wheat crosses. Am. 
Naturalist, 61 : (>83-()89. 

1918. Producing breadmaking wheats for warm climates. Jour. Heredity, 9: 
211-226. 

1919. Heredity of quantitative charactem in wheat. Genetics, 4 : 1-93. 

Frimmel, I'ranz, 1922. Inheritance of fruit size in fcomatoes. Zdlschr. Jur Pfla/i^ 

zenzucht,, 8: 457-462. 

1925. The practical importance of first gontu'ation hybrids in t.omato growing. 
Zeitschr. fUr Pflangzenziicht., 10 : 453-466. 

Frost, H. B., 1923. Heterosis and dominance of size factors in Raphanus. Gen- 
etics, 8; 116—153, 

Fruwirth, Carl, 1909. Die Ztichtung dcr landwirtschaftli(jhen Kulturpflanz(*n. 
Paul Paroy, Berlin. Bd. II, 2 Auflage., maize, pp. 5-40, Bd. Ill, 2 Aiiftag(^., 
fiax, pp. 47-09. Bd, IV, 2 Auflage., wheat, pp. 107-186; barley, pp, 240-321; 
oats, pp. 324-365; ryo, pp. 187-239; Bd. V, 2 Aufiagci, rice, pp. 30-54. 

1912. ZuT Zuchtung dor Kartofiel, Deut. li-udw. Pressti, 39: 551-552, 
565-567, 

1917, Selection in pure lines. Jour, Heredity, 8 : 90-94. 

1926. Dio Gonetik der Kartofiel, Bibliographia Oenetica, 1 : 315-362. 

Fyson, P. P,, 1908. Some experiments in the hybridizing of Indian (jottoris, Mem, 
Dept, Agr, India Bol,, Ser. 2, No. 6, 29 pp. 

Gaineb, E, F., 1017. Inheritance in wheat, barley and oat hybrids.. Wash, Agr, 
Exp. Sta., Bull. 135. 



398 BREEDING CROP PLANTB 

1918. Comparative smut resistance of Washington wheats Jmu Am Sor 
Agro7i,10: 218-222 

1920. The inhoniance of resistance to bunt or stinking smut of wheat. Ibid , 
12: 124-132. 

1923. Genetics of bunt resistance in wheat Joii7 Aqr Rcscaich, 23* 445-480 
1925, Inheritance of disease resistance in wheat and oats Phytopathology, 

15 : 341-349. 

1925. Resistance to covered smut in varieties and hvbrids ot oats Jout Am 
Boc Agioti , 17 : 775—789. 

and Hannah C Aase. 1920. A haploid wheat plant Am Join Rot , 13 
373—385 

and Arthuh Carstens, 1926 The linkage of pubescent node and bc^ard 
factors as evidenced by a cross between iiwo varieties of wheat Joui. Agt 
Reiiearchj 33* 753-755. 

and 11 P. Singleton, 1926. Genetics of Marquis X Turk(‘y wheat in respect 
to bunt lesistaiice, winter habit and awnlessness. Join Agt Ret^eaich, 

32:105-181 ^ ^ 

and F. J Stevi^nson, 1922. Rye-wheat and wln^at-rye hylinds Jour. 

Hetediii/j 13: 81-90 

(Ummie, G. a., 1907 The Indian (‘ottons. Mem. Dept. Agr India Rot , Set 2, 
No 2, 23 pp 

Garher, R. J., 1922a Inheritance and yield with particular reference f.<> rust resist- 
ance and paiiide type in oats M%nn. Aqr Eip Rta., Tech Bull 7. 

19225. Origin of false wild oats. Jour. Heredity^ 13: 40-48 

T. C. McIlvaine, and M M. Hoover, 1926. A study of soil het(5rogoneity in 

experimental plots. Jour. Agr. Research, 38 : 255-268 

and T. E. Odland, 1926. Influence of adjacent rows of soybeans on one another. 
Jour Am Roc. Agroti , 18: 605-607. 

and P J. Olson, 1910. A study of the relation of some morjdiologK^al c.haracters 
to lodging in cereals. Jour. Am. Roc. Agion , 11: 173-186. 
and K. 8 Quisenberry, 1923. Delayc‘<l germination and th(* origin of false 
wild oats. Jour. Jlereihly, 14 : 267—273. 

1927. A study of correlated inheritanc‘(‘ in a ccTtain Avena cross. W Va. Agr 
Exp. Rta., Tech Bull. 217, 

1923. Natural (Tossing in wmtcT wb(iat. Jour. Am. Roc. Agron., 16: 508-512 
1925. Breeding corn for rcsistanc.e to smut. Jour Am. Roe. Agron., 17: 132- 
140. 

K. H. Quisenberry, T. E, Oblani), and T. 0. McIlvaine, 1924. Varietal 
experiments with wlieat, oats, barley, rye, and buckwheat. W. Va. Agr Ecp. 

Rta., Ball. 102. ^ . 

and K. S.Quisenberry, 1927. The Inbidtanco of length of style m bu(ikwh(‘at, 

Journal Agric^l Res., 34: 181-183 

1927. Solf-feriilization m buckwheat. Jour. Agric'l /2es., 34; 185-190. 
Garner, W. W., 1912. kSoiug observations on tobacco breeding. Am. Breeders 

Assoc. RepU, 8 : 458-468. i , i 

and TL A. Allard, 1020. Effect of the relative length of day and night and 
other factors of the environment on growth and reproduction in plants. Jour. 
Agr. Research, 18 : 663-606. 

Gartner, 0. F., 1849. Versucho und Beobachiungon uber die Bastardorzeugung 
im Pflanzonroich. Stuttgart, Hcrmg and Company, 791 pp. 

(Urrison, H. S , and F. D. Riouwy, 1926. Effects of continuous selection for ear 
t 3 q)e in corn. U. R. Dept. Agr., Bull. 1341. 



* LITERATURHl CITATIONS 


399 


Geise, F. W., 1924. The development of blight resiataiit spinach. Rept, Md, Agr, 
Soc. and Md. Farm Bur. Fed., 8: 171-183. Abstracted in Botan. Abstracts, 14: 
508, entry 3,421. 

Gernert, W. B,, 1912. A new subspecies of Zea mays L. Am. Naturalist, 46 : 616- 
622. 

Goff, E. S., 1894. Flowering and fertilization of the native plum. Gard. and For., 
7: 262-263. 

1901. Native plums. Wis. Agr. Exip. Sta., Bull. 87, 31 pp. 

Goodspeed, T. II., 1912. Quantitative studies of inheritanoc in Nicotiana hybrids. 
I. Univ. Calif. Pub. Botany, 6: 87-168. 

1913. Quantitative studies of inheritance in Nicotiana hybrids. II. Univ. 
Calif. Pub. Botany, 6: 169-188. 

1915. Parthcnocarpy and parthenogenesis in Nicotiana. Proc. Nat. Acad. 
Sd., 1: 341-346. 

1924. Some chromosome numbers in Nicotiana. Am. Naturalist, 68: 381-382. 
and H. E. Clausen, 1917. Mendolian faettor diffenuK^cs versus reaction system 
contrasts in heredity. Am. Naturalist, 51: 31-46, 92-101. 

Gotoh, Kazus, 1924, Chromosome niani)er in Secahi cerc*ale L. Bot. Mag. Tokyo, 
38: 135-151. See Botan. Abst., 16, entry 3,568, 1926. 

Goulden, C. H., 1926. A genetic arid cytologic study of dwarfing in wheat and oats. 
Minn. Agr. Exp. Sta., Tech. Bull. 33. 

Graham, R. J. D., 1916. Pollination and cross-f ert.il ization in the Juar plant (Andro- 
pogon Sorghum, Brot.). Mem. Dept. Agr, India Bot., Ser. 8: 201-216. 
Grantham, Arthur E., 1919. Bearded vs. smooth wln^ats for Delaware. Del. 
Agr. Ext., Bull. 6. 

Grippeb, Fred, 1921. Comparative vigor of Ft wheat crosses and their parents. 
Jour. Agr. Research, 22: 53-63. 

1922. Breeding oats resistant to stem rust. Jour. Heredity, 13: 187-190, 

1925. Con'olatcd inheritance in barley of h<)tani(ial oluiracters and manner of 
reaction to Ilelminthosporium sativum. Jour. Agr. Research, 30: 915-935. 

and n. K. Hayes, 1925. Natural crossing in otiU. Jour. Am. Boo. Agron,, 
17: 545-549. 

Groth, B. H. a., 1911. The Fi heredity of size, shape, and nunihcr in tomato loaves. 
Parts 1 and 2. N. J. Agr. Exp. Sla., Bull. 238 and 239. 

1912. The Fi heredity of size, shape, and inunbc^r in tomato fruits. N. J. Agr. 
Exp. Sta., Bull. 242. 

1914. The “Golden Mean” in. the inheritance of size. Science, N. S.f 39: 
581-584. 

1915. Some results in size inheritance. N. J. Agr. Exp. Sta., Bull. 278. 
Gukinard, M. L., 1899. Sur los anthdrozoidos ct la double copulation soxtiolle chez 

les vegetaux angiospermos. Rev. g6n. bot., 11 : 129-135. 

1901. La double fccondation dans Ic mais. Jour, hot., 16; 37-50, 

Hagedoorn, a, L., and A, C., 1914. Studies on variation and scloction. Zeitschr. 
fiir Induk. AhsL u. Vererb., 11; 145-183. 

Hamilton, R. I., 1020. Improving sunflowers by inbreeding. Sd. Agr., 6: 190-192. 
Hance, Robert T., 1921. Review of: Kuwada, Y. Die Ghronmsomoiizahl von Zea 
Mays L. 1919, Ein Beitrag zur Hypothese dor Individualitilfc d(ir CJhromosoinon 
und zur Frago iiber die Horkunft von Zoo, Mays L. Jour. Coll. Sd. Imp. Univ. 
T'okyo, 39. Am. Naturalisi, 66; 268-275, 

Hansen, N, E., 1911. Some new fruits. S. Dak, Agr. Exp. Sta., BuU, 130. 

1915. Progress in plant breeding. S. Dak. Agr, Exp. Sta,, Bull, 150. 

Harlan, H. V,, 1918. The identification of varieties of barley. U, S. Dept. Agr., 
Bur, Plant Indue., Bull, 622, 



400 


BREEDING CROP PLANTS 


1920 Smooth Awned bailovs, Jouu Am, Soc Aqion., 12: 205-20!8 
and S. B Anthony, 1920 Dovelopment of barley kernels in normal and chpp(‘d 
spikes and the hmitations of awnlcss and hoodc‘d varieties Jour Agr. Research^ 
19: 431-472. 

and H, K. Hayes, 1920 The occurrence of the fixed intermedium 1 lordeum inter- 
medium haxtoni in crosses between II. vulgarc pallidum and 11 distichon Jom, 
Agr, Research, 19: 575-591. 

Harland, 8 C., 1917. On the mhcntance of the number of teeth in the bracts of 
Gossypium West Indian Bull , 16: 111—120. 

1919o. Notes on inheritance in the cowpea. Agr News, Baihados, 18: 20 
19196. Notes on inheritance in the cowpea. Agr, News, Baihados, 18: 08. 

1919c Inheritance of certain characters in the cowpea (Vigna sinensis). Jour. 
Genetics, 8: 101-132. 

1920. Inheritance of certain characters in the cowpea (Vigna siiumsis), IL 
Jour Genetics, 10: 193-205. 

1920. Studies of inheritance in cotton. I. The Inheritance of corolla color. 
West Indian Bull , 18 : 13-19. 

1923 Inbreeding in cotton and its importance to the plant breeder. Agr, 
Jour. India, 18: 405-474. 

Harrington, J. B., 1922. The mode of inheritance of certain characters in wh(‘at. 
Sci Agr,, 1922: 319-324. 

and 0. S Aamoot, 1923. Tlio mode of inh(‘ritan(‘C of ri'Mistance to Puccinia 
graininis with relation to seed color in ciossos between varieties of dm uni wheat 
Jour Agr. Research, 24: 979-996. 

Harris, J. A., 1915. On a criterion of substratum liomogenoity (or heterogeneity ) 
in field experiments. Am. Naluralist, 49: 430-454. 

1920. Practical universality of field lieterogeneity as a factor influencing plot 
yields. Jour, Agr, Research, 19: 279-314. 

J, V. Lawrence and Z. W. Lawrence, 1924. The chloride content of the leaf 
tissue fluids of Egyptian and Upland cotton. Jour, Agr» licscaich, 28: 095—704. 
Harshberger, j. W., 1897. Maize: A botanical and economic study. (Umtvihu- 
lions Botanical Laboratory, Univ, Pa., 1: 75-202. 

1904. A study of the fertile hybrids produced by crossing tcosinte and maize. 
Coninhutions Botanical Laboiatory, Unw Pa, 2: 231—235. 

1909. Maize, or Indian corn. Cyclopedia of American agriculture, 2 : 398-402. 
Hartley, C. P., Ernest B. Brown, G. IL Kyle, and L. L. Zook, 1912. Cross- 
breeding corn, U, S, Dept, Agr,, Bur Plant I ndus., Bull, 218. 

Harselbring, H., 1912. Types of Cuban tobacco. Botan. Gaz., 53; 113-120. 
Hayes, II. K., 1912. Correlation and inheritance in Nicotiana tabacum. Conn, 
Agr, Ecep. Eta,, Bull. 171. 

1913a. Com improvement in Connecticut. Conn, Agr, Exp, 8ta, Uept,, 1913: 
Part VI, 35;i-384. 

19136. The inheritaiice of certain quantitative clmractenj in tobacco. Zdtschr, 
Jur Induh, Ahstarnm, u, Varerb,, 10: 3L5-J29. 

1914. Variation in tobacco. Jour, Heredity, 6: 40-46. 

1915. Tobacco mutations. Jour, Heredity, 6: 73-78. 

1917. Inheritance of a mosaic pericarp pattern color of maize. Genetics, 
2: 261-281. 

1918a. Natural cross-pollination in wheat. J our, A m, 8oc, Agron,, 10 : 1 20-122. 
19186. Nonnal self-fertilization m corn. Jour, Am. Hoc, Agron,, 10: 123-126, 
3918c. Natural crossing in wheat. Jour, Heredity, 9: 326-330. 

1922. Production of high protein maize by Mendclian methods. Genetics, 
7: 237-257. 



LITERATURE CITATIONS 


401 


1923. Inheritance of kernel and spike characters in crosses between varieties of 
Triticum vulgare. Univ, Minn Slndiea Biol Sci., No. 4: 103-183. 

1923. Controlling experimental error in nursery trials. Jour, Avi, Soc. Agron., 
16:177-192. 

1925. Control of soil heterogeneity and use of the probable error concept in 
plant breeding studies. Minn, Agr, Exp. Bta.^ Tech. Bull. 30, 

1926. Present-day problems of corn breeding. Jour. Am, Soc. Agron.j 18: 
344-363. 

and 0. S. Aamodt, 1923. A study of rust resistance in a cross between Marquis 
and Kota wheats. Jour. Agr. Reaearchj 24: 997-1012. 

and Lee Alexander, 1924. Methods of corn breeding. Min7i. Agu Exp. Sta., 
Bull 210. 

and A. C. Arny, 1917. Experiments in field technic in rod-row tests. J our. Agr. 
Research^ 11 : 399-419. 

and H. D. Barker, 1922. The effects of self-fertilization in timothy. Jour. 

Soc. Agr on. ^ 14 : 289-293. 

and E. G. Beinhart, 1914. Mutation in tobacco. Science, N. S., 39: 34-35. 
and H. E. BiiE weaker, 1926. Fa<4,ors for color of aleurone and endosperm in 
maize. Jour. Am. Soc. Agron.j 18: 7() 1-767. 

and S. E. Clarke, 1925. Selection in sdf-fertilized limts as a means of improving 
timothy. Sol Agr.j 6: 313-317. 

E. M. East, and E. G. Beinhart, 1913. Tobacc(> breeding in Connecticut. 
Con 7 i. Agr. Exp. Bia.j Bull 176. ^ 

and E.. M. East, 1911. Improvement in corn. Corm. Agr. Exp. Sta.j 

Bull 16*8. 

1916. Further experiments on inheritance in maize. Conn. Agr. Exp. Sta.j Bull, 
188. 

and R. J. Garrer, 1919. Breeding small grains in M innosota. Part 1. Technic 
and results with wheat and oats. Minn. Agr. Exp. Sta.j Bull. 182. 

1919. {Synthetic production of high-protciuin corn in relation to breeding. J our. 
Am. Soc, Agron.f 11: 309-318. 

and 11. V. Harlan, 1920. The inheritance of the length of inttirnode in the ra(!his 
of the barley spike. U. S. Dept. Agr., B^ill. 869. 

and D. F. Jones, 1916. The effects of cross- and self-fertilization in tomatoCvS. 
Conn. Agr. Exp. Sta.j Ann. Repl, 1916: 305-318. 

i916. First generation crosses in cucuinl^ers. Co7in. Agr. Exp. Sla.j Ann. UepLj 
1916: 319-322. 

and P, J. Olson, 1919. First generation crosses between standard Minnesota 
corn varieties. Minn. Agr. Exj). Sta.j Bull. 183. 

J. H. Parker, and Carl Kurtzwbxl, 1020. Gcnetifjs of rust n^sistance in 
crosses of varieties of Triticum vulgare with varieth^s of T. durum and T. 
dicoccum. Jour. Agr. Research j 9: 523-542. 

and 10. C. Stakman, 1019. Rust resistance in timothy. Jour. Am. Soc. Agron.j 
11: 07-70. 

1922. Wlieat stem rust from the standpoint of plant breeding. Proc. Seamd 
Annual Meeting West Canada Soc. Agron.j 1922; 22-36, 

E. 0. Stakman, and O. S. Aamodt, 1926. Inheritance in wheat of resistance 
to black stem rust. Phytopathology , 16; 371-387. 

E. 0. Stakman, Fred Ghiffeb, and J. J. CmirsTENsEN, 1923. Reaction 
of barley varieties to Helminthosporium sativum. Minn. Agr. Exp. Sia.j Tech. 
Bull. 21. 

E. C. Stakman, Feed Grifpbb, and J. J. Christensen, 1924. Reactions 
of selfcd lines of maize to Ustilago zcae. Phytopathology j 14:268-280. 



402 


BREEDING CROP PLANTE 


TKys, W. M., 1901 Plant breeding XJ, E, Dept Agr ^ Div, Veq Phya and Path ^ 
Bull 29. 

and An DE iiJw Boss, 1899. Wboat. Varieties, breeding, cultivation. Minn Aqr. 
Evp, Sla , Bull 62. 

Heald, F. D., 1919. Oat smuts in Washington. Proc, TJmlectith Conv. Waah 
Elate Gia%n Gioweis, Ehippeitty and Milleis Aasoc , pp. 28-34 
Heckel, F , 1909, Fixation do la mutation gernimaire eiilturale du Solan uin inaglia* 
vaiiatum do forme et de colons des tubercules unites. Compl. rend. V acad hci , 
149 831-833, 

1912. Sur la mutation germinaiic culturale du Solanum tuberosum L, Cempt 
rend V acad hci., 165 : 469-471. 

Hectok, G P , 1913 Notes on pollination and cross-fertilization m the common rice 
plant, Oiyzamhva^ Linn, Mem. Dept Agr. Jmha^ Bot Ec7.^ 6: 1-10 
1916. Observation on the inheritance ol anthocyan pigment in paddy varieties 
Mem Dept Agr. India, Boi Eei , 8: 89-101. 

1922. Oorrcdation of color inheritance in nee. Mem. Dept. Aqr. India, Bot. 
Eenea, 11 : 163-183. 

Hedrick, U P., and N. O. Booth, 1907. Mondehan ehaiacters in tomatoes. Proc. 
Eoc Ilort Eci., 6: 19-24 

and K. D. Anthony, 1915 Inhontauce of eeitain charactors of grapes. 
N. Y (Geneva) Agr. Br/p. Eta , Tech. Bull , 45. 

andR, Wellington, 1912. An experiment m bleeding apples. N. Y. (Geneva) 
Agr. Btp. Eta., Bull. 350. 

Henkemeyer, a., 1915 Untei such ungen uber die Spaltungen von Wciizmiliastarden 

in der Fa and Fa Generation. Jour fur ecpenmenUile Landwii Uohajt, 63 : 97-124 
Hekibert-Nxlssonn, 1912-1913. Potatis (oratlhng och i)otatis bedommng Weibulls 
arsbok, 8: 4-31. 1913. Abstract by author in Zeitachr, fur Pflanzenzucht., 1: 
240-242, 1912-1913. 

1916. Populations analyseu und Flrblichkeitsversuchc uber die SelbststiTelitat, 
Selbstfortihtiit, und Htonlitat bei dem Roggen. Zniachr. fur Pfianzemueht., 
4: 1-44. 

1919. Ragforadl ingens Motliodik och Prmciper. Haertryk of Nordisk Jorbrugs- 
forskning. 

1921. iSelektive Vcrschiebung dor Gametenfrequenz in einer Kreuzungspopula- 
iion von Roggen. II credit af<, 2: r36‘F-3(>9. 

Hidson, G. R., 1910. A note on the inheritance of ci^rtain Ht,em eharaeters in sorghum. 
Agr. Jour, India, 11 : 150-155, 

HoFEEit, G. N., 1920, Some differences in th(» functioning of sijlfed lines of (iorn under 
varying nutritional conditions. Jour. Am. Eoc. Agron,, 18 ; 322-334, 

IIoiaERT, J R., W. L. Bujilkson, Benj. KoEHLEiq G. M. Woodworth, and G. H. 
Dun GAN, 1924. Corn root, stalk, and oar rot diseases, and th<*ir control through 
seed s(‘lection and breeding. III. Agr. Bxp. Eta , Bull 255. 
lloTKiNS, C. G., 1899. Improvement in the chemical composition of th<^ corn k<™d, 
III. Agr. Exp. Eta., Bull 55. 

IIoR, K. B., 1924. Interrelations of gcm'tic factors in barl<‘y. Genetics, 9 : 
151-180. 

IIoBiiiNO, Y., 1915. On the inhontance of the flowering tune in pi^as and rice. Jour. 

Col. Agr. Tokohi IJ. (Eapporo), 6 : 229-288. 

Houser, True, 1912. Gertain results in Ohio tobacco brooding. Am. Breeders^ 
A,s‘.s‘ec. liepl., 8: 468-470, 

Howard, G. L. <7., 1913, Btudies in Indian tobaccos, No. 3. The inhciritance of 
characters in Nicoliana tabacum L* Mm. Dept. Agr. India, Bot Eer., 6: 
25-114. 



LITERATURE CITATIONS 


403 


1924. Studies in Indian tobaccos, 5. Tlie inheritance of characters in NicoHam 
rustica, L. Mem, Dept. Agr. India, BoL Ser., 13: 17-67. 

Howard, A., and G. L. C. Howard, 19106. Studies in Indian tobaccos, No. 1. The 
types of Niwtiana rmtica L. Yellow-flowered tobacco. Mem, Dept. Agr. India, 
Boi. Ser.^ 3 : 1-58. 

19106*. Studies in Indijin tobaccos, No. 2. The types of Nicotiana tabacum L. 
Mem, Dept. Agr. India, Bot. Ser., 3: 59-176. 

1912. On the inheritance of some characters in wheat, ilfem. Dept. Agr. India, 
Bot. Ser.j 6: 1-47. 

1915. On the inheritance of some characters in wheat. II. Mem. Dept. Agr. 
India, Bot. Ser., 7 : 273—285. 

Howard, A., G. Howard, and Abdul Rahman Kahn, 1910a. The economic signifi- 
cance of natural cross-fertilization in India. Mem, Dept. Agr. India., Bot. Ser. 3: 
281-329. 

1919. Studies of the pollination of crops. I. Mem.. Dept. Agr. India. Bot. Ser., 
10: 195-220. 

and K. Ram, 1924. Studies in Indian to])ac(^oH, 4. Parth(‘no(?arpy and 
parthenogcuKJsis in two varicities of Nieoiiana iahaenni var. Cuba and var. Miro- 
dato. Mem. Dept. Agr. India, BoL Ser., 13: 1-16. 

Hursh, C. R., 1924. Morphological and physiological studies in th(^ resistances of 
wheat to Puednia graminis Iritici, Erikss. & Ilijnu. ,1 onr. Agr. Remirch, 27 : 3S1- 
411. 

Huskins, C. L., 1920. Genotical and cytological studies of the origin of false wild 
oats. Sd. Agr., 6: 303-313. 

Hutchison, C. B., 1921. Heritable characters of iiuiizi^ VII. Shrunken endosperm. 
Jour. Heredity, 12 : 76-83. 

1922. The linkage of certain aleurone and endosperm factors in maize and their 
relation to other linkage groups. N. Y. {Cornell) Agr. Exp. Sta., Mem. 60. 
Hutcheson, T. B., 1914. Thirteen yc^ars of wheat selection. Am.. Naluralwt,^4i8 1 
469-466. 

and T. K. Wolfe, 1917. Tho effect of hybridization on maturity and yield in 
corn. Va. Agr. Exp. Sta., Tech. Bull. 18. 

Ikeno, S., 1913. Studien iiber die Bastardc yon Paprika (Capsicum annuurn). 
Zdtschr. fur Induk. Abstamm. u. Vererb., 10: 99-1 14. 

1914. Uber die Bostaubung und die Bastardierung von Reis. ZdtHchr. Jilr 
Pflanzemiicht., 2 : 495-503. 

1918. Zikkon-Idcngaku (a textbook on geiieti(JH, Japanese). 3rd edition. 
Nippon-no Romazi-Sya, Tolcyo. Abstract in Botan. Ahdract.% 2: 114, 115. 
IMMER, F. R., and J. J. Christensen, 1925. The reac^tion of s<Jf(^d lin(ts aiul crossi^s 
6f maize to Ustilago zeae. Phytopalhology, 16 : 699-707. 

J ARDINE, W. M., 1917. A new wheat for Kansas. Jour, A m. Soc. A gron., 9 : 257-266. 
Jelinek, j., 1918. Beitrag zur Technik dor Wcizenbastardicrung. ZdfMhr. filr 
Pflanzenziicht.j 6: 55-57. 

Jenkin, T. j,, 1924, Tho artificial hybridization of grasses. Urdv. College of WaUs, 
WeUh Plant Breed. Sta., Ser. H, No. 2. 18 pp. 

Jenkins, M. T., 1923, A new method of self-pollinating com. Jour. Heredity, 14: 
41—44# 

1926. A second gene producing golden plant color in maize. Am. Naluralist, 
60; 484-488. 

Jenkins, E. H., 1914. Studies on tho tobacco crop of Connecticut. Conn. Agr. Exp. 
Sta., Bull. 180, 

Jensen, H., 1907. Tobacco experiments. Jaarb. Dept. Landh. Nederland. Indie. 
1907 : 109-217. Abstract in Exp. Sta. Record, 20 : 935. 



404 


BEE EDI KG CltOP 


Jkrbnko, E., 1911 (1913) Sur im hybride foriilo eutie Triticuiii sativiiiii 9 (Ble 
Mold Squarehead) et Soeale cei<*ale d' (Seiglede Petkiiw) ltd. Conf. deGenel- 
ique, 4: 501-511. 

1913 tJber Gotrcidc — Spezi(‘shastardo (Weizen-Roggcu). Zeitsclir. fur Induk, 
Abstatnm. u Vereth , 10: 311-320 

JoHANNSEN, W., 1903 TJebcr Erblichkoit m Populationcn und in roinon Linien. G. 
FiKcher, Jena , <>8 pp. 

1909. Elemento der cxaktoii Erbliobkoikslohio G. Eisehor, J(‘na., 723 pp. 
Johnson, D. S, 1915 Soxuabiy m plants Jour Heredity ^ 6: 3-1 0. 

Johnson, J., 1919. An improved strain of Wisconsin tobat*co. Jour. Heredity^ 10: 
281-288. 

1919. Inheritance of branching hab,it in tc)})iU‘(‘o. GeneUch^ 4: 307-340. 
Jones, D. E., 1916 Natural cross pollination in the tomato i^uetice N S , 43 : 509- 
510. 

1917 Linkage in Lycoporsicum Am N at urahuty 51: 

1918. The effects of inbreeding and cross-breeding upon develo])inent Gottn. 
Agr. Exp. Eta , Bull. 207. 

1918. Segregation of susceptibility to parasitism in inai/i(‘. Am, Jam. Bol , 
6: 295-300. 

1919. Selection of pseudo-starchy endosperm in rnaizc. Geuetief^^ 4:364 393 

1920. Selection in HcH-ferUlized hues as a basis for corn iinprovcuncn t. Jour A tn 
Eoc, Agron , 12 : 77-100 

1920. Heritable characters of inaiz(^ — Defective seeds Jour. II credit 11 : l(U- 

167. 

1920. Selective fertilization in pollen mixtures. Pior Nat. Acad. Eci (Wahlnng^ 
ton D. C.), 6 : 66-70. 

1024a. The origin of flint and dmit corn Jonr. Heredity^ 15: 41t)-419. 

19246. Selective fertilization among th(‘ gamet(‘s from the same individuals. 
Proc. Nat. Acad. Set. (Washington^ I). C.A 10: 218-221. 

1925. Hentablc characters of maize. XXIIT, Silkless. Jour. Ilmidity^ 16: 
339-341. 

1925. Genetics in plant and animal iinprovemont. John Wiloy <& Sons, 
New York <fe London. 

and G. A. Gallasteoxti, 19f 9. Some factor relations in inaiz<' with reference to 
linkage. Am. Naturalist^ 63: 239-246. 

H. K Hayes, W. L. Slate, Jr., and B. G. SoUTHWirK, 1917. Increasing the 
yield of corn by crossing. Conn. Agr. Exp Eta. Rept.^ 1916; 327-347. 
and P. 0. Mangelrdorf, 1025. The improveincuit ol naturally croaspollinated 
plants by selection in self-fertilized lines, I, The production of inbred strains 
of com. Conn. Agr Exp. Sia.j BuU. 266. 

Jones, L. E. and J C. Gilman, 1915, The control of ca)>bage yellows through disease 
resistance. Win, Agr. Exp. Eta.j Res. BuU. 38. 

J. C. Walker, and W. B. Tisdale, 1020 Eiisariuin Hessistant Gabbage. Wts 
Agr. Exp. Eia.f Res. B^ull. 48. 

Jones, Jenkin CJ., 1924 Observations on the time of blooming of rice flowers# 
Joxir. Am. Eoc. Agron., 16; 665-670. 

Jones, M. G., 1923. Investigations relative to the yielding capacity of oat varieties 
under different conditions of soil and cliinato. BuU. Wehk Plant Breed. Eki , 
S&r. C., 1921-22: 5-45. 

Kajantts, B., 1913, tTbcr die Vererbungsweise gewisscr Merkmalc der Beta- und 
Brassica-Rilben. Zetischr. fiir Pflanzenzuchl, 1 : 125 -186. 

1923. Dber Xhrehenabstand und Ihrehenzahl boi Nachkommonschaften von 
Speltoid“Heterozygotcn. Herediias, 4 ; 10-10. 



LITERATURE CITATIONS 


■'i>"405 


1923. Genctischc Uiitcrsuclmngcn un Weizcn. Bibliotheca Genetica, 6‘^-187. 

1924. tlber cine Kreuzung zwisclien grunblattrigem undgelbblattrigcmXrV^||k. 

Hereditas, 6: 84-81). See Botan. Abstracts, 13: No. 9, entry 6, 563, 1924. ^ 

Kappert, Hans, 1923. A new simple Mendelian character in peas. Ber, Deutsch. 
BoL Gets,) 41: 43-47. Abstracted in Botan. Abstracts^ 13: 238, entry 1,578. 

1924. 'Dber die Zahl dcr unabhiingigcn Merkmals-gruppcn bei der Erbse. 
Zeitsch. f. indu/cL Ahsta^mu u. Vcrerh.f 36: 1-32. 

Karpechenko, G. D., 1924. Hybrids of 9 Raphanus salivas L. X d' Brassird 
oLeracea L. Jour. Genetics, 14: 375-396. 

1925. The chromosomes of Phaseolinae (English summary). Bull. Appl Boi. 
Planthrced., 14: 143-148. Abstracted in Botan. Abstracts, 16: 728, entry 4,919. 

Karper, H. E., and A. B. Conner, 1919. Natural cross-pollination in milo. Jour. 
Am. Soc. Agron., 11: 257-250, 

Kato, S., and Z. Tstkawa, 1921. On the heredity of the pigments of red rice (Japa- 
nese). Idcngaho-Zassi {Japanese Jour. Genetics) 1: 1-7. See Botan. Abstracts, 
14: No. 2, entry 1,424. 

Kearney, T. 11., 1914. Mutation in Egyptian cotton. Jour. Agr. Research, 2: 287- 
302. 

1923, Self-fertilization and cross-fertilization in Pima cotton. U. S. Dept. Agr., 
Bull. 1134. 

1923a. 8(‘gregation and (tornilat-ion of <iharac,ters in an Upland- Egyptian cotton 
hybrid. (/. S, Dept. Agr., Bull. 1164. 

19236. Self fertilization and cn)ss fertilization in Pima cotton. U. S. Dept. Agr., 
Bull. 1134. 

1924a. SeJeetivc fertilization in cotton. Jour. Agr. Research. 27: 320-340. 
19246. Inheritance of petal spot in Pima cotton. Jour. Agr. Research, 27 : 491- 


612. 

1 924c. Length of cotton fiber from bolls at difTorent heights of the plant, /our. 
Agr. Research, 28 : 563-565. , . 

Keeble, F., and 0. Peu.ew, 1010. The mode of inheritance of stature and of time of 
flowering in peas (Pisum sativum). Jour. GeneMcs, 1: 47-66. 

Kelaney, M. A., 1925. Inlu^ritanco in Nicotiana iabacurn, VL A Mendelian 
analysis of certain flower form, flower, and filament color, and leaf base characters. 

Vniv. Calif. Rub. Boi., 112. ^ ^ , , , 

Kelley, J. P., 1024. 8oed progeny of a potato with faintly colored tubers. Jour. 

Genetics, 14; 197-109. rr o rv a 

Kempton, J. II., 1019. Inheritauco of waxy endosperm in maize. U. h. Dept. Agr., 


Bull. 754. . , ^ 

1020a. Heritable chara<;toxs of maize. HI. Brachytic culms. Jour. Heredity, 

11; 111-115. ^ 

1920.6. Heritable characters of maize. V, Adherence. Jour. Heredity, XI : ol7- 

322. 

1021. A brachytic variation In maize. U. S. Dept, Agr,, Bull. 926, 

1922. Linkage between brachysm and adherence in maize. Am. N aturalist, 66 : 

461-464. - . , . r • * 

1924. Inheritance of the crinkly, ramose, and brachytic characters of maize m 

hybrids with teosixite. J our. Agr. Research, 27 : 637-596. 

Kezee, Alvin, and Breeze Bovack, 1918. Mendelian inheritance in wheat and 
barley crosses. Colo. Agr. Exp. Hia., BvU. 249. 

Kiessblbach, T. a., 1916. Recent developments in our knowledge concerning corn. 
Nel/r. Cotn Improv. Assoc. Rept., 7 : 16-42. ^ ^ 

1918. Studies concerning the elimination of experimental error m comparative 
crop tests. Nebr. Agr. Exp. Sta., Research BvM. 13. 



406 


BREEDING (ntOF FLANTiS 


1022. Corn invostiftations. Nehr Agt E i p, Sf a , Rei^eaic/i Bull. 20 

1923. Competition as a source of error m compaiativo coin yi(‘lds Joui Aw 
Boc. Agro/u, U: 100-2U 

1926 The comparative water economy of selfed lines of corn and their hyl)iKls 
Jom. Am Boc. Agron , 18: 335-344 

and W E. Lyn^err, 1924. Spring small grams Nehr.Aqr Ecp Sla , Bull 201 
and N. E. Peterson, 1925. The chiomosome number ol maize. Geuehc^ 
10:80-85. 

and J. A. Ratcliff, 1917. Oats investigations. Nebr Agr Ecp Bia ^ Bull 100 
Kihara, H , 1919. Uber cytologische Studion hei einigen Gotreid(‘art<‘n Mit 1 
Spezics-Bastard des Weizens und Weizenroggenbastaid Bot Mag ^ 33: 17-38. 
1921. Mit. Ill XJb(*r die Scliwankungen d(ir Ohromosomenzahlen liei den Spezi- 
esbastardcn der Tnticum-Artim Bot. Mag , 35 : 19-44 

1924 Cytologische und genetische Studien bei wi(*htigon Getreidc^arten nut 
besonderor Rucksieht aiif das Verlialtcn der CUiromosonien und die Sterihtat in 
den Bastarden. Mem Coll Bn Kyoto Imp Unw.j Bor. B, 1: 1-200 
KmciiNER, 0, 1880. Flora von Stuttgart und Gmgebung, mit bissonderor Boruck- 
sichtigung dor Pflanzonbiologischen Verhaltnisse Stiitlgait. 

Kirk, L E , 1924 Ab(‘irant lorms in arctic sweet clover. Bci. Agr , 6: 113-116. 

1924. AUalfa pioduciion m Saskatchewan. Ba, skat che wan Agr Ext , Bull 26 
1925a. Arti ficial sell-pollination of led cIovit. Bn /l^/r , 6 : 1 79 - 1 89. 

19256. Sclf-polhnation of sweet clover Be i A gr ,6:1 00-1 1 2 
1926. Segregation in aberrant sweet clover foiins. Bn. Agr., 6: 233-235 
Knight, L. I., 1917. Physiological aspects ol aelf-sterihty ol th(‘ apple. Fror Am 
Boc. Hort Bn , 1917 : 101-105 

Knight, T A., 1841. Philosophical transactions See Knight’s (kjllect<‘d Woiks 
London (1799). ’ 

Knuth, Paul, 1909. Handbook of flower pollination. Translation by Davis 
Clanmdon Press. Vol. II, Flax, p. 216. Vol. IT I, Maize, p. 518; wheat, p. 529; 
oats, p 524; barley, p, 532; rye, p. 531; rice, p. 521. 

Kock, L., 1917. Experiments on the art.ifieia] Iiy}>ndizatiou of rice m Java. lut. 
Rev. Bn amlFuic dgrn, 8: 1210-1211. 

KSlreuter, J. G., 1706. Dritti' Fortsi'tzung dor voilaufigen Na<‘liricht von einigen 
das Geschlodit dor Pflanzen betroffenden Versuchon und Beobaehtungen. (dodit- 
schen Ilandlung. Hiipriiited 1893 in Ostwald’s Klassiker dor exakten Wissen- 
schafton Ko 41. KngiJmann, Leipzig, 

Kondo, M., and M Ono, 1923. On<i kind of semi-stonlity in nee. Nogaku 
Kwaiho (Japaneae Bn. Agr. Boc.) 260 : 589-598 S(U‘ Botan. Ahtifracf^i, 1925 14 : 
8, entry 7, 171. 

Koenicke, F., 1896. Uniersuclumg nhor die Entwicklung der Sexual organe von 
Tnticum mit bosondercir BenKtksichtiguug der Kernteilungen. Verh. Naturhvti. 
Ver. Fe\m. Fhntd. u. Wentf, Jahr.j 53. 

Kottite, G. L,, and R. Ji, Kulkarni, 1922. (iross-fiTtilizatiou in Jowar (Andropo- 
gon sorghum). Agr. Jour. India^ 17 : 413-416. 

Kozjiukhov, A., 1924-1925 (1925). Caryotypic propertiiis of cultivated Cucurbi** 
taceae. Bull. App, BoL and PlarUbreed.j 14: 89-96. Abstracted in Botan. 
AbslraciHj 16 : 720, entry 4,922. 

Krantz, F. A., 1922. A preliminary study of field plot te(!hmc in potato yield tests. 
Rept. Fotato Am., 1922 : 42-44. 

1924. Potato })re(‘ding nicthods. Minn. Agr. Exp. Bta., Tech. Bull 25. 

1925. Genetic studies in potatoes. 1. Tho inheritance of fast-color and suffused 
tuber color, Proc. Potato Assoc, Am., 1926: 32-37. 



LITERATURE CITATIONS 


407 


Kristofpekson, Kahl B., 1921. Investigation of Fi and Fa generations of a spon- 
taneous hybrid betwc^en wiiite cab])age and green cabbage (with a summary in 
German). Svtr, Ulsdd. Tidfikr,, 1921: Abstracted in Botan. AbutracU, 9: 38, 
entry 242. 

Kuwada, Y., 1910. Die Chromosomenzalil von Zeamays, L. Ein Beitrag zur Hypo- 
thesa dor Individual itilt der Chromosomen and zur Frago liber die Horkunft von 
Zea mays L. Jour. Coll ScL Imp. Uidr. Tokyo, 39 : 1-148. Abstract by S. Ikeno 
in Botari. Ahatracts, 4: 104, 1920. 

Kvakan, P., 1924. The inh(iritance of brown aleuronc in maize. N. Y. {(lornell) 
Univ. Agi\ Exp. Sta., Mem. 83. 

1925. llerita})lo characters in raaiz(i. XXIV. Twisted seedlings. J our. Heredity^ 
16: 427-430. 

Kyle, C. IT., and II. F. Stoneuehg, 1925. Associations l)(d,wt‘en number of kernel 
rows, produetivcmess, and deleUjrious characters in corn. Jour. Ayr. Henearch, 
31: 83-99. 

Leake, II. M., 1008. 8tndi(\s in the experimental breeding of the Indian cottons, an 
introductory notc^. Jour, and Croc. Aniatic Hoc. Bengal N. S., 4: 13-20. 

1011. Studi(^s in Indian cotton. Jour. GcneHc^^ 1: 205-272. 

and 11. Puasau, 1014. Stinlies in Indian cotton. Pt. I. The vegetative 

characters. Mem. DepL Ayr. India Bol., Scr. 6: 115-150. 

Leidigii, a. JI., 1011. Methods for the improvement of sorghum. Atn. Breeder^ 
May., 2: 294-205. 

LEKiKTY, C. E., 1915. Natural wheat-rye hybrids. Jour. A m. Soc. Agron., 7 : 200- 

210 . 

1916. Carman’s wheat-rye hybrids, //'c.mZi/?/, 7: 420-427. 

1920. Natural wlu'at-rycj hybrids of 1918. Jour. Heredity, 11; 120-136. 

and T. B. IIut(?iikson, 1019. On the. blooming and fertilization of wlu^at 
flow(ms. Jour* A m. Soc. Agron., 11 : 143—102. 

W. J. Banoo, and .1. W, Taylor, 1926. Intor-genorifj hybrids in Aegilop.% 
Triticnm, and/ScmZc. Jour. Ar/r. RcHcareJi, 33 : 101-141. 

Nilsson’-Leissner, Gunn All, 1025, Beitrage zur Gcnetik von Triticum spelta and 
Tritieuin vulgare. IlereditnH, 7 : 1-74, 

Lesley, 4. W., 1024, (Voss pollination of tomatoes. Jour. Heredity, 16: 233-235. 

and Mahoaret C. Mann, 1025. Triploidy in the tomato. Science, 61: 208. 
Lewis, (k I., and C. C. Vincent, 1009. l>ollination of the apple. Ore. Agr, Exp. 

sla., Bull 104. -vT 

Lindhari), IC., 1022. Zur (Jenetik d(^s Woizens. Fine Untersuchung tiber die Nach- 
konimenschaft ein< 3 s in Kolbenwcizen aufgctretenen spoltoidmutationon, 
Ilcredilan, 3: 1-90. 

1923. Fortg<'s<3tzt<3 uutersuchungon fiber Bpeltoidmutationen. Begrannungs- 
komplikatioiuai bei Ck>inpactum lloterozygoten, Ilcreditan, 4 : 206-220. 

I.iNDSTROM, K. W., 1918. Chlorophyll inheritance in maize. N* Y. {Cornell) Agi'. 
Exp. Sla., Me/rn., 13, 

1921. Conc.( 3 rning tlw inheritance of green and yellow pigments m maize 

seedlings. Oenelirn, 6: 91-UO. ^ ^ 

192.3a. 3Vicorni)lcm(}ntary genes for albino maize seedlings. Abstract in Ayiat 

Record, 26 : 385, 

19235. Genethjal resiiariih with maize. Oeneiica, 6 ; 327-356. 

1923c. nmtMe characters of maize. XIXI. Endosperm defects— a ^eet 
defective and flint defective. Jour. Heredity, 14: 127-135. 4 i, • 

1924. Complem( 3 ntary genes for chlorophyll developinent in maize and their 
linkage relations. G&nelicft, 9 : 305-326. 



408 


BREEDING CROP PLANTS 


1925(X. Genetic factors for yellow pipjmont in maize and their linkage relations. 
Genetics j 10: 442-455. 

19256. Heritable characters in maize. XXI. A new dominant hereditary char- 
acter, teopod. Jour, TIetedity, 16 : 135-140. 

1926. Hereditary correlation of size and color characters in tomatoes. Iowa 
Agr Ecp. Sia , Tieseaich Bull 93 

Longley, a. E., 1924 CJhromosomes m maize and maize lelatives. Jo7ir, Agr 
Research, 28: 673-682 

Lotsy, J. P., 1916 Evolution by means of hybridization. The Hague, Martinus 
Nykoff, pp. 68-75 

Love, H H., 1914 Oats for New York. N, Y. (Cornell) Agr Evp. Sia., Bull, 343. 

1923. The importance of the probable error concept in the interpretation of 
experimental results. Jour, Am, Soc. Agioti , 16 : 217-224 

1924. A modification of 'bStudent's^^ table lor use in interpreting experimental 
results. Jour, Ani, Soc. Agrou,, 16: 68-73. 

and W. T, Ciiaig, 1918a. Methods used and roHults obtained in cereal 
investigations at the Cornell station, Jom, Avi Soc, Agron , 10: 145-157 
19186, 8mall gram investigations. Jour, Her cthlg, 9:67-76. 

1918c. The relation between color and other characterH m certain Avena crosses 
Am, Naturalist, 62: 369-383. 

1919a. Fertile wheat-rye hylinds. Jour, Heredity, 10: 195-207. 

19196. The synthetic production of wild wh(‘at forms J o ur H crcJily, 10 : 51 -64. 
1025. llesults of cxpenmimts with oats m N(‘W York N Y. (Cornell) Agr, 
Eep , Bull 430 

and G. P. MoPostie, 1919, The inheiitaiicc of hull-losHness in oat hybrids. 
Am, Naturalist, 63: 5-32. 

Lumsden, D., 1914. MendelLsm in melons. N, H, Agi\ Exp Sta , Bull. 172. 
McClelland, C. K., 1919. The velvet I leaii. Ga, Agr, Exp. Sta., Bull. 129. 
McClintock, j, a., 1923. The transmission of nematoih' ri^sistance in the poach 
Science, 68: 466-467. 

McFadden, E. a., 1917. Wheat-rye hylmds. Jour, Heredity, 8: 335-331). 

1925. ‘bSyntlu‘tic” rustproof i)read wheats. The Dakota Parmer, 46: 102. 
McLendon, C. A., 1912. Mendelian inheritaiico in cotton liybnds.' Ga. Agr. Exp. 

Sia , Bull, 99. 

McRostib, G. P., 1019. Inheritance of aiithracnose resistance as imlicat<‘d by a cross 
between a resistant and a susceptible bean. Phytopathology, 9: 141-148, 

1921. Inheritance of Disease Resistance in the Common Bean. Jour, Am. Soc, 
Agron., 13: 15-32. 

1924. Some forage crop needs and difliculties in Canada. Sci, Agr., 6; 97-09. 
Macjcie, W, W., and Ruth P. Allen, 1924. The resistance of oat varieties to stem 
rust. Jour, A gr. Research, 28 : 7 05-7 1 9. 

MaoDougal, D, T., 1916. Analysis of a potato hybrid, Solanum fcndlen X S. iubero-^ 
sum, Carnegie hist. Yearbook, 16 : 98. 

Maooun, W. T., 1915, Plant breeding in Canada. Jour. Ihrediiy, 6: 398-403. 

1918, The potato in Canada. Canoilian Exp, Peurm, Hull, 90. 

Mains, E. B., 1022. Diffenmeos in the HUS(i<‘ptibiUty of clover to powdery mildew- 
Proe. Ind. Acad. Sci., 1922 : 307-313. 

1926. Rye resistant to leaf rust, stem rust, and powdery mildew. Jour. Agr. 
Research, 32 : 201-221. 

and 0, E. Lbighty, 1923. Resistance in rye to leaf rust, Paccinia dispersa Erikss. 
Jour, Agr, Research, 26 : 243-252. ^ 

Malte, M. 0., and W, T. Macoun, 1915. Growing field root, vegetable and fiowor 
seeds in C^anada. Canadian Dept. Agr., Bidl 22, Sec. 2, 15 pp. 



LITERATURE CITATIONS 


409 


Mangelsdouf, R C., 1020. The genetics and morphology of some endosperm char- 
acters in maize. Conn. Agr. Exp. Sta.^ Bull. 279. 

Mann, Ma]{Oaket C., 1925, Chromosome miinbcr and individuality in the 
genus Crepis. Utdv. Calif. Pub. Agr. Sn., 2: 207-314. 

Marjlatt, G, L,, R. a. Oaklk\, and oth(*,rs, 1925. Service and regulatory annouuee- 
raonts. Federal Ilorl. Boards No. 84. 

Marquant), G. V. B., 1922. Varieties of oats in cultivation. WeUh Plant Breed. 
Sta., Waka Ball. C2: 1-44. 

Martin, J. N., 1913. 1 ho pliysiology of the poll<;n of TrifoUum pratense. Botan. 

Gaz., 66: 112-120. 

Mayer-Gmeein, IL, 1017. Do Kruising van roode onge baarde spelt met fluwcelkaf 
Essex-Tarwo een voorbf^dd van Bactoren-analyzo. Gultura 29: 141-159. See 
Abstract Bull<dln Monthly Intelligence and Plant Diseases, 8: I23l)-1239 (1917), 
Zeikehr. fiir Induh, Ah^ilamm. u. RtcW>., 29: 51 (1918), * 

Meisier, C*. N., 1921. Natural hybridization of "VYheat mid rye in Russia Jour 
12: 407-470. 

Mendel, Grecior Johann, 1909. Experiments in platit hybridization. In Bateson’s 
Menders iVincipl(‘s of JhT(ulity, pp. 317-308. 1909. Translatc^d by Royal 

Horticultural Society. 

Mercer, W. B., and A. 1). Hall, 191 1. Tlui ex]}erim<intai (Tror of field trials. Jour 
A{/r.;SW., 4: 107-132. 

Miller, JO. C., 1910. Goinparative study of the root systems and loaf areas of corn 
and th<‘, sorghums. Joar. Agr, Renearchy 6 : 311-332. 

1923. Rela<.iv(‘. \vat(‘r rotjummumt of corn and sorghums. Kaus\ A gr. Exp. Bta 
Tech, Hull 12. 

1919. Dovelopimnit of the pistillate spikelet and fertilization in mays L. 

* Jour, Agr, Research^ 18: 255-205. 

Miyazawa, Ji., 191 S. Ooinugi no mi no iro idon ni tuite (on iho inheritance of the 
fruitr-color of harl<‘,y). Hot, Mag, Tokyo, 82: 30S-310. Abstract in Bota 7 i. 
AUlracky 1: 243, entry 1,537: 1919. 

Montgomery, K (h, 1900. What is an car of corn? Popular Bci, Month,, 68: 
55-02. 

1909. Expedments with corn. Nch, A(/r, Exp, Sta., Bull 112. 

1912. Wheat bre<Rling experiments. Nelrr. Agr, Exp, Sta., Bull 125. 

191 3. Expedments in wluuit hnjcding. U, B, Depl Agr., Bur. Plant Indus., Bull 
269. 

M()Roan, T. IL, G. B. Bridges, ami A. il. Bturtevant. The genc^tics of Drosophila. 
Bihlwgraphia GmcMm, 2; 1-202, 

Morrow, G, E., iind E, D. Gardner, 1893. Field oxp(dmonts with corn. III Agr, 
Exp, Hta., Bull 25: 173-203. 

1894. JOxpcdments with (^orn. Ill Agr, Exp, Bta., Ball 31. 

Myers, 0. E,, 1924, Statistical studies of inhciritanco in the tomato. Pa, Agr. Exp, 
Sta,, Ball 189. 

Mctnbon, W. M., 1900. Plant brcjoding in rcslation to American pomology. Maine 
Agr, Exp, Sta., Bull 132. 

Nabouhh, R(>reht K,, 1919. Parthenogenesis and crossing-over in the grouser locust 
Apot<^ttix. Am. Naturalist, 63 : 131-142. 

Nakao, M., 1911, Gytological studies on the nuelear division of the pollen mother 
cells of some ocnjuls and their hybrids. Jour, Coll Agr, tohoku hnp, Univ, 
{Sapporo), 4. 

Nakatomi, S., 1923. Differenoes of chromosomes in various races and mutants of rice 
(Japanese). Idengahv^ZaeH {Japanese Jour, Genetics) 2: 107-115. See Botan, 
AhstracU 1926, U: 6, entrv 5.312. 



410 


BREEDING CROP PLANTS 


Naxtdin Ch., 1856. No\ivollos lecheichos sur los ciiracters spocafiquofcj (‘t Ics variot(\s 
(les plantcs du gcnro Ciicurbita. Ann, sci. naL. lourth scrios, 6: 5-73 
lS50a. Espocca et dcs vaiictea du genre Cucuinis. Ann nn, nat. Fourth sonovs, 
11: 1-87, 

18596. Revue des CueiubitacocH. Ann. nat Fourth senes, 12: 79-104. 
1865. Nou voiles rcchoiohes sur' Thybridite dans les vegetaux Nouvellos 
archives du’ Museum d’ Ilistoiro Naturollc do Pans. 1. 25-176 
Nawaschin, S, 1898 Resultate einer Revision dor Bofru(‘htungsvorgange bei 
Lilium maitagon und Fritillaria teiiella BnlL Acad, Imp, Sc% St. Petemboniq, 
s. 5, t. 9, No. 4: 377-382. 

Neale, S. T., 1901. Pedigreed sorghum as a source of cane sugar. Del Agr. Exp, 
Sta.j Bull. 51, 

Newman, L H , 1912. Plant breeding in Scaiuliiuivia. Ottawa, Canada, 193 pp. 
Nilsson-Ehle, II., 1908. Einige Ergebnisse von Krcmzungfui bei Hater und Weiuen 
Botan. NotmeTj Luml.^ pp 257-298. 

1909. Xreuzungsuntorsuchungea an Ilafer und Weisen. Lunda, ihnv, Arsf>kr. 
N. F , Afd. 2, Bd, 5, Rr. 2, pp 122 

1911a. TJcber Fade spontanea Wegfallons eines llemimmgsfalvtors boirn Hafer. 
ZeiUichr.fwr Jnduk, Abdamrn. u. Vei'cib , 5 1~37. 

19116. Krcuzungsuntcrsuchungen an Hater und Weizon. Lands Univ. Arsskr. 
N. F , Afd. 2, Bd. 7, Nr 6, pp. 3-84. 

lOllfl. Mondelisme ct Acclunaiation. Int. Conf, de Gcnciiqno, 4: 1-22. 

1912. 5^ur K(jnntnis dor Erbl'ichskeifcsv(‘rh.‘iltnisse der hJigcmschatt W'lniorfestig- 
keit b(‘iin Weizon. Zoitschr. Jur PJlamcnznchL, 1 : 3-J 2. 

1015 (iibt OS erldiche Weizcnrassen nut inelir odor w(‘iiig(T voUstamligcT Selbstr* 
fruchtung? Zeilschr. fur PJianzenzucM., 3: l-<b 

1917. Improvement of black oats by selection and crossing in Sw(‘den. Ini, 
Rev, Sci. and Prac, of Agr. Year 8, No. 5: 712-715. 

1920. Multiple Allelomorphs und Komplexmutationen ]>i*im Wmzcm. Ilmuii^ 
ias 1: 277-311. 

1920. Ulx^r Resistenz gegem {I(‘ter()dera Bchachtii b(U gewisstuj (h^rstcui-Hortim, 
ihrc Vcnjrbungsweise und Bedeiitung iur die l^ravis, //cmA/as, 1; 1-34. 

1922. Uber freie Kornl>ination und Koppelung verscbi(id(‘ner (<hlorophyllerbo- 
inlieiten bei Clerste. Ilcreditasj 3: 191-199. 

1921. tJber mutmosslujlu^ particlle Heterogamici 1x4 d(m Sp(‘ltoidmut,ationen des 
Weizens. Il&rcdita^ 2: 25-76, 

Nilbbon, II. N., 1901. Forteckning ofver (h^ vigtigart.e sorttmg pa Sv<Tig(‘S utsadcs 
forouings farsoksfolt. Sv&r, Utsiul, Tidshr.^ 1901, 66 104. From Et.lKTidge, 
1916. 

1922. 1023. Praktisk betfdradling <jnligt nya linier pi Svalof (Prai*t.ical beet and 

mangel breeding by new ni<4.hods at Hval6f), With a summary in (lerman, 
AW. mad. Tvkh., 32; 221-251. 1922. IMd, 33: 75-92. 1923. 

Nohaua, H.j 1918. Kndo no k(iisitu iden ni tuito (On llui mh<‘ritan(‘e of wTtain char- 
acters in the pea). (In Japanese.) Nippon Ikusyugakukwai Kwailio (Rept, 
Jap. Breeding Sci.)^ 22: 12-14, 1918. (icru'tic studu's in some eharaeiers 

in Pisuin. BoL Mag^ Tokyo, 32: 91 -102, 1018. Abstract by S. Ikeno in Bolan, 
Abstracts, 1: 87, entry 491, 1918. 

Noll, Chauleb 1^., 1925. Studios of iuheritaneo of earliness in c(‘rtain Avena crosses. 
Pa. Agr, Evp, Sta., Bull. 194. 

Noeton, .1. B., 1902. Improvement of oats by breeding. Proc. Int, Conf, 
Plant Breeding ami Hybridization, 1: 103-109. 

1907. Notes on breeding oats. Proc. Am, Breeders^ 3: 280-285. 

1911-12* Asparagus br<^ic<ling. Am, Breeders^ Aswoc, Rept,, 7 and 8:440-444 



LITERATURE CITATIONS 411 

1913. Methods used in breeding asparagus for rust resistance, U, S. Dept, 
Agr., Bur. Plant Irnlu.'i.j Bull. 203. 

1919. Washington asparagus: Information and suggestions for growers of new 
podigrciod rust-resistant strains. [>. S, Dept. Agr., Bur. Plant Indus., Cotton, 
Truck and Forage (h'op Disease Invest. Hire., 7. 

Odland^ T . It., 1927. 1 ho inhoritam^e of rachilla length and its relation to other char- 

acters in a cross h(’iw(‘(‘n Arena saliva and Arena saliva orientalis. W. Va. Agr. 
Exp. Eta., Bull. 219. 

Oliveu, G. W., 1910. N(‘w nudhods of plant breeding. U, S. Dept. Agr., Bur. Plant 
Indus., Bull. 107. 

Olson, P. J,, C. I^. BuiiL, and II. IC. Hayes, 1918. lOar type selection and yield in 
corn. Minn. Agr. Exp. Fla., Bull. 174. 

Okton, W. a., 1902. The. wilt, discaise of the (‘owpea and its (ioiitrol. Part I. U. S. 
Dept. Agr., Bur. Plant Indus., Bull. 17. 

1911 (1913). Tlu^ dev('lopni(mt of dis(‘as(i resistant varieties of plants, Pit. 
Couf. dc (knvtique, 4: 247-201. 

Ovp]RTON, E., 1S93. On the niduction of the ehroinosomes in the nuchii of plants. 
Ann. Boiang, 7. 

Pammp:l, L. If., ISt)2. Oii tlu^ (jrossing of eueurbits. Iowa Agr. Exp. Bta., Bull. 10. 
and G. M. Kino, 191S. An annual white sweed clover. Proc. Iowa Acad. Bci., 
26: 249-251. 

Pakkeu, John If., 191S. Greenhouse experiunnits on the rust resistance of oat varic- 
ti<‘s. U. F. Dvpl. Agr., Bull. 029. 

1920. K prelitniiutry study of the inlieritance of rust resistance in oats. JoHir. 
Am. Hoc. Agron,, 12: 23-38. 

1924. Iini)rov(‘in(mt of <irop plants by breeding. Kam, State Agr. College Exten- 
sion, Form 213. 

pARKKii, W. rr., 1914. Lax and dense-oared wheats. Jour. Agr. Set., 6; 371-386. 
Parlatoue, L., 1800. TiO del Cotoni. 

Paunkll, F. R., G. N. R. Ayy.\noau, and K. Ramiait, 1917. The inheritance of char- 
acters in riciL I. Mem. Dept. Agr. India, Hot. Her., 9: 76-105. 
and others, 1922. 1'he irih(‘ri1,ance of cliarachjrs in rice, IT, Me^n, 

Dept. Agr. India, Bot. Her. II: 185-208. 

Pearl, liAYTvnjNn, 1915. Modes of research in genetics. The Macmillan Company, 
New York, 

and J. R. Miner, 1914. A tabhi for estimating the probable significance of 
statistical ijoustants. Maine Agr. Exp. Sta., Bull. 220. 

Pellew, Caroline, and A. Sveuorup, 1923. Now observations on the genetics of 
peas (Pisum satin im). Jour. Genetics, 13: 125-131. 

Peeoival, John, 1921. Ilie wheat plant. Duckworth and Company, London, 463 

pp. 

1920. 'The morphology and cytology of some hybrids of Acgilops ovata L. X 
wheats. Jour, Genetics, 17: 49-08. 

Peklitius, Ludwki, 1903. Dtir Einfluss dor Begrannung auf die Wasserverdtinstung 
dor Aliron und die Korncjualitilt, Inau^. Diss. Breslau. 

PxpEK, C. V., 1912. Agri(*.ultural varieties of the cowpea and immediately related 
spocHvs, (f. S. Dept. Agr., Bur. Plant Indm., Bull. 229: 1-160. 

1916. Forage plants and their c.ulture. The Macmillan Company, New York, 

618 pp. 

1924. Forages plants and their culture. The Macmillan Company, New York. 
M, W, Evans, R. McKee, and W, J. MoitSE, 1914* Alfalfa seed production; 
pollination studies. U. S. Dept. Agr., Bull. 76* 

and W. J, Morse, 1910. The soybean: history, varieties and field studies. 



412 


BREEDING CROP PLANTS 


U S Dept A(jt' , Bui. Pln>ni Lulus. ^ Bull 197., 

Powell, G H , ISOS Plant breeding;. Am Gmd , 16: 460-107, 514-515 
Peas'^d H , 1922. Note on the probabilitv of an interrelation between the length of 
the stigma and that of the fibre m some forms of the geims Gossypiuin. Agr. Res 

Inst. Pusa. BulLj 137 : 7 pp ^ ^ • j Tr 

Peice, H. Ij., and A. W. Drinkaed, Jr , 1908. Inheritance in tomato hybrids. Va 

Aqi. EjCp. Sta f Bull. 177. rr -r. 7 

1911-12. Inheritance in cabbage hvbruls. Ann. Rept.j Va. Polytcch. Inst. Agr 

Exp. Sta , 1911 and 1912: 240—257. ^ 

Pridiiam, J. T., 1916. Oat breeding experiments. Agr. Gaz N . S Wales, 27 : 457- 

401. 

Pritchard, F. J., 1925. Tomato wilt and varietal resistance Seed World, 17 : 7-9 
PuTTicK, G. F., 1921. The reaction of the generation of a cross between a common 
and’a durum wheat to two biologic forms of Puccima qiaminis. Phytopathology, 
1: 205-218. 

Quanjer, II M., 1920. The mosaic disease of the Solanaceie, its relation to the 
phloem-necrosis and its effect upon potato culture Phytopathology, 10 ’ 35-47. 
Quisekberry, K S., 1927. Chromosome numbeis in buckwheat spoei(‘s. Botan Gaz 
83 : 85-88 

Raoionieri, a , 1920. Brassica crosses Card Chron., 68 : bO. 

Ramathan, V. 1924. Some observations oi\ Mend(‘lian charaebTs m sorghum. 
Jour. Madras Agr. Stud. Union, 12: 1-17 

Reed, G M , 1920. Varndal rcmstanco and susceptibility of oats to powd(iry mildew, 
crown rust and smuts. Mo. Agr. Exp. Sta. Res Bull. 37. 

1924 PhvHiologu'.al races of oat smuts Am. Joui. Botany, 11. 483—492, 
and L. E. Mblciiers, 1925. Sorghum smuts and vaiietal resistance in sorghums, 
U. S. Dept. Agr , Bull 1284. _ 

and T. R. Stanton, 1925. Relative susceptibility of solocf.ions from a Fulghum- 
Swedish Select cross to the smuts of oats. Jour. Agr. Research, 30: 375-391. 
Reeves, F. S., 1938. Rept. Ilort. Exp. Sta , Vineland, Ontario, 1916-1917: 30-41. 
Richardson, C. W., 19 1 8. A further note on the genetics of Fragana. Jour. Genetics, 

7:167-170. ^ 

Richey, F. D., 1922. The experimental basis for thc^ prestmt status of corn lirccdmg 

Jour. Am Soc. Agron , 14: 1-17. 

1924. Adjusting yields to their regression on a moving av(‘rage, as a means of 
correcting for soil heterogeneity. Jour. Agr. Research, 27 : 79 -90, 

1026. The moving average as a basis for m<^asuring correlated variation 
in agronomic experiments. Jour. Agr. Research, 32: 1361-1175. 
and L. S. Mayer, 1925. The productiveness of successive generations of self- 
fertilized lines of corn and of crosses between them. U. S, Dept. Agr,, BuU, 1354. 
and J. G. Willier, 1925. A statistical study of the relation between seed ear 
characters and productiveness in corn. U. S. Dept. Agr., Midi. 1321. 

Roberts, Herbert F., 1919. The founders of the art of breeding. Jour. Heredity, 
10: 90-106, 147-152, 229-239, 257-275. 

1919. The contribution of C'arl Friedrich von Gartner to the history of plant 
hybridization. Am. Naturalist, 63; 431-445. 

RUmker, K. von, 1913. Uebor Roggenzilchtung. Sir. zur PpmmzUcU., 3 : 8-28. 
and R. Leidner, 1014. Ein Bcitrag zur Frager der Inzucht bci Roggen. 
Zeiischr. fur Pflanzenzuchl, 2 : 427-444. 

Sageret, a., 1826. Considerations sur la production des hybrides, des variantes et 
des varietes on general, ot sur coUes do la famillo dos Cucurbitaceos on particulier, 
Ann, $ci, not., 8 : 294-314. 



LITERATURE CITATIONS 


413 


Sakamura, T., 10t.S. Kurzo Mittoilung ubor clio Chromosomenzahlen und die 
V(waii<lts(liafisverhriltiiiHso (l{3r Triticuni-Arten. Bot, Mag., 32: 151-154. 
Salaman, li. N., lOKJ-li. Th(i irihoriUnee of color and other charactcrw in the 
potato. Jour. OenH ins, X: 7-46. 

1912-13. A lect4ir<‘ on the hcToditaiy characters in the potato. Jour. Roy. 
I fort. Son,, 38: 3)4-39. 

1901)-1I. Male sterility in potatoes, a dorriinant Mendclian character; 
with remarks on th(‘ shape of the pollen in wild and domestic varieties. Jour. 
lAnimm Hoc., 39: 301-312. 

1911 (1913). Studiiis in potato breeding. lul. Conf. de Genetiquo, 4: 373-375. 
1925. Th<i inheritan(ui of cropping in the potato. Report Imp. Bot. Conf. 
London, 1924: 40-48. 

and J. W. LksijKV, 1920, Gon(‘,tic studies in potatoes. The inheritance of an 
abnormal luuilm type, Ji,ur. Gcnofica, 10: 21-37. 

1922. <.ien(‘tic studi(‘s in potat.oes. )Stcrility. Jour. Ayr. Sci., 12: 31-39. 

1923. GeniMJc studicss in potatoc^s. The iriheritaneo of immunity to wart 
discs*is(^ Jour. Gen at lea, XZ: 177-180. 

Salmon, (hocun, 1914. Sterile florets in whe.at and oLIut cereals. Jour. Am. Soc. 
Agron., 6: 24-30. 

Salmon, S. (k, 1919. JOstablishing Kanred winter wheat in Kansas. /va//.s*. Agr. 
Exp. Si(L, (Ure. 71. 

and J. H. pAitKioit, 1921. Kanota, an (iiirly oat for Kansas. Kans. Agr. Exp. 
Sta., (3rc. 01. ' 

Sampson, Kathlwion, and D. W, Davies, 1923. Tneidenco of fungous diseases 
on oat van(‘ti(‘H in tJui sc^asons of 1921-22. Welah Plant Breed, Sta. (fniv. Col. 
Wales, Ser. G, 3: 55-57. 

Sasaki, R., 1922, Inheritanee of re.sistauce to Piricularia Orymo in different varieties 
of ri«(^ (Japanes(')* Idengaku Zassi (JajHinese Jour. OenelicH) 1; 81-85. See 
Bot an. Ahslracls 1925, 14, No. 4, entry 3,452. 

Saundkrk, G, jo., 1905. A naUiral hybrid in wheat, Proc, Am. Breeders^ Ahboc., 1: 
137'138. 

1912. Marqtiis wheat. Exp. Farm* RopL, Ottawa, Canada, pp. 118-120, 

Sax, Karl, 1921a, Chroinosoim^ ridationsliip in wheat. Science, N. S., 64: 413-416. 
19215. Stcu'ility in wlu^at hybrids. 1. )Stcrility relationships and oiidospcrm 
dov<9oi)ment. OcnrMcs., 6: 390-416. 

1922. St,erility in wln^at hybrids. II. (Jhromosomo behavior in partially sterile 
hybrids. Genetics,!; 513-522. 

1923. TIuj redationship betwcum chromosome number, morphological charac- 
ters and nist rosistnneo in segregates of partially sterile wheat hybrids. 
Omiciics, 8: 301-321. 

1923. 4’be n,s«ociation of size differences with ffc<uKcoat pattern and pigmenta- 
tion in Phnmdm vulgaris. Genetics, 8 ; 552-500. 

1924. The nature of size inheritance. Pwo. Nat. Acad, Sd. (Ih S. A.), 10: 
224-227. 

and W, Gowkn, 1023. Permanence of tree performance in clonal 
variety and a crithiuo of the theory of bud mutation. Genetics, 8: 179-211. 
and Halljky J. Sax. Chromosome behavior in a genus cross. Genetics, 9: 
454-404. 

Saxuta, Iwao, and Thyiiei Tomuua, 1925. Natural hybrids in lowland rice. 
Botan. Aheifocts, 14: 231. 

Schmid, B., 1890, Bau und Functionen der Orannen unserer Getroidearten. BoL 
Cmtrt., 76: 1-9, 3(441, 70-76, 118-128, 156-166, 212-221, 264-270, 301-307, 
828-334. 



414 BREEDING CROP PLANTS 

Schultz, A, 1919. Getpcidcsi.udicn. I. AbstainTrLiing und Ilciinat dos Roggons 
Ber Deutsch, Botan, Gcs., 37: 528-530 See Botau, Ahi^tract% 10, entry 1, 511, 
1922. 

Schultz, E. S , and Donald Folsom, 1923. Transmission, variation, and eoritiol of 
certain degeneration diseases of Irish potatoes. Jour Agr. Re^seaichj 25: 43—118. 
1925 Infection and dissemination cxpciimeiits with degeneration diseases of 
potatoes Observations m 1923. Jour, Agi . RenecDahj 30: 493-528 
Scott, W B , 1917. The theory of evolution. The Macmillan Oompany, New 
York, 183 pp. 

Sbtciiell, W. a., 1912. Studies m Nicotiana I. Unw Cahf Puh Bot , 6: 1-86 
Shamel, a. D., 1910. Tobacco breeding. Am Breedt'ia’ Assoc, Rrpt , 6: 268-275. 
and W. W. Cobby, 1907. Tobacco breeding. U. S, Dept, Aqr , Bur, Plant 
Indus., Bull, 96. 

L. B Scott, and C. S. Pomeroy, 1918. Citrus-fruit improvmnont 
A study of bud variation in the Washington navel orange. U, S Dept, A{p., 
Bull 623. 

1918 Citrus-fruit improvement: A study of bud varialiion m the Valencia orange. 
U, S Dept Agr , Bull. 624 

1918. * Citrus-fruit improvement: A study of bud variai.ion in tlui Marsh grape- 
fruit. U. S. Dept. Aqr., Bull 697 

1919 Origin of a new and improvi^d French prune varii^tv. Jour, Heredity, 
10: 339-343 

Shaw, H B , 1916. Self-, close-, and cross-fertilization of b(‘ets. Metu. N, Y, Bot. 
Gard, 6: 149-152. 

Shaw, J. K., and Norton, J. B , 1918. Th<‘ inh(Titan(‘o of s<‘ed-coat color in garden 
beans Atpr. Etp. Sta , Bull. 1 85. 

Shoemaker, J). N., li)09. A study of leaf charact(TS m cotton hybrids. Am. 
Bleeders’ Aavr* Rapt,, 6: 1 16-119 

Shull, G. H., 1908. The composition of a fu'ld of maiz(‘. Am. Breeders' Assoc. 
Rept, 4: 290-301. 

1909. A pure Imc method of corn ]>ree(Img. Am. Breeders Assoc. liepL, 6: 

51- 59. 

1915 Genetic definitions in the new standard dictionary. Am. NaturaliM, 59; 

52- 59. 

SiEOLiNOER, J. B., 1921. Gross-pollination of tnilo in adjoining rows. Jour, Am, 
Soc. Agwn., 13: 280-282. 

1924. Seed color inheritance in c(»rtam grain sorghum ctossos. Jour. Agr, 
Research, 27 : 53-64. 

SiNNOTT, E. W,, 1022. Inheritance of fruit sliape in CmurbUa pvpo, I. Botan. Gaz., 
74: 95-103. 

and G. B. Durtiam, 1922. Inheritance in the summer squash. Jour. Heredity) 
13: 177-186. 

SiBKS, M. J., 1922. TIkj color fae.tors in th(^ seodcoat of Phdscolus vulgaris and P. 
multiflorus. Medcdeel. Landomohoogeschool Wageningen, 23: 1—40. Abstracted 
m Botan, Abstracts, 12; 936, entry 5,631. 

Sachs-Skalnihka, M, 1921. Research on Nicotiana hybrids. Abstract in Botan, 
Abstracts, 13, entry 5,866, 1924, 

Smith, L. B,, 1920 (1921), Notes on spinneh breeding. Proc, Am, Soc, Hori, Sd,) 
17: 146-155, 

Smith, L. H., 1912. Occurrence of natural hyliHds in wheat. Proc. Am, Breeders' 
Assoc,, Rept. 7 and 8: 412-414. 

and A. M. Brunson, 1925. An ejcperiment in selecting <Joru for yield by the 
method of the dar*row breeding plot. lU. Agr, Exp, Sta,, Bull. 271, 



LITEUATdRE CITATTONE 


415 


So, M., and V. Imal, 1018. On tlio xonia of the barley. Bot. Mag., Tokyo, 32: 
205-214. 

SpiiinMAN, W. J., 1001. Quantitative studies in the transmission of parental charac- 
ters to hybrid ()fTsprinf>*. (\ S. Dept. A(jf\, Office E^cp, Hta., Bull. 115. 

1900. The ijybrid when, is. bVW/. Agr, E.cp. Sta., Bull. 89. 

1911. InluTitam^e of th(^ 'h^yo” in Vi^na. Am. Naluralist, 45: 513-523. 
SpRA(i<t K A., 1010. Roliust b(‘ans. uMich. Agr, E.cp. Bf a., Quart. Bull. 1: 173-174. 
and ;\. J. (h.ARK, 10 Mi. Red Rock wh(‘at. Mich, Agr. Ex/p. Bfa. Circ. 31. 
and lij. J^owN, 1022. IIardig;ati alfalfa. Mich, Agr. Qiiar. Btdl. 4 : 74-75. 
Stadleu, L. J., 1021 . Exp(‘ninents in iudd plot t(‘ehnic for the preliminary determina- 
tion of eomi)arative yields in tln^ small ^rrains. Mo. Agr. Exp. Bta., Research 
Bull. 40. 

1024, Ati exp(‘rini(‘ntal study of iln^ variety as an aijj^ronomic unit in wheat and 
oats. Jour, Avu Hoc. Agron., 16: 3(i()-372. 

I92l>. Th(^ frcMpiency of mutation in maize. Paper presented at the joint 
genetics s(‘etion, A. A. A. H., Kansas (hty. 

192(i. Th(‘ variability of {*.rossing over in maize. Geuetics, 11: 1-37. 

Stakman, 10. (A, H. K, Mayes, Ouaf S. .Aamodt, and J. (\. l.,EAnu, 1919. Controlling 
flax wilt by s(‘ed H(‘l(‘(4.ion. Jour. Am. Hoc. Agron., 11: 291-298. 

M. N. Levine, and .1. Ci. Leacti, 1010. New biologic forms of PncHnia 
gnaumis. Jour. Agr. Research, 16: 103-105. 

and M. N. Levine, 1922. The d(4.ermination of biologic; forms of Puccinia 
gramifm on Trilicum sp. Miun. Tech. Bull. 8. 

M. N. Levine, and I). L. HAna^v, 1023. Biologic forms of Puccinia grammis on 
vari(4b‘s of Arena, spp. Jour. Agr. Research, 24; 1013-1018. 

Stanton, T, R., juid F. A. CJofeman, 1924. Natural crossing in oats at Akron, 
Colorado, J(Kir. Am, Hoc. Agron., 16: 040-050. 

Stevens, N. 1A, 1912. Observations on heterostylous plants. Botan. Gaz., 53 ; 
277-307. 

Stewaut, F. (j., 1910. Observations on Honu; d{;gen(rate siraiim of potatoes. N.Y. 
(Genera) Agr. Exp. Hta., Bull. 422. 

Stewaut, OEouciE, 1920, Corr<4ated inluritanee in wheat. Jour. Agr. Research 
33 ; 1103-1192. 

vStewakt, j. H., 1908, llie production of <‘.igar-wrapper tobacco under shade in 
the Conn(M‘tic.ut Valli^y. fb H. Dvpt. Agr., Bur. Plant Indus., Bull. 138. 
Stewaut, J. 1912. t’aetors intlueneing yi<‘ld, color, size, arul growth in apples. 

Ann. kept. Pa. Hlale Golle.ge, 1910 - 1911 : 401 -492. 

Stookueuiuou, \V. W., 1910. Relativi^ precision of forimilae for <*alculating normal 
’ ])lot yi(4<lH. Jour, Ain, Hoc. Agron., 8: 107-175. 

Stout, A. B., 1915. The CHtal>lishin(*rjt of varhstii^s in (Joleus by the; s<4ection of 
HonJiiti<; variations. Garneglc Inst, of Wash., Pub. 218: t-80. 

1920. Furtbir (‘xp<niiu<;utal studies on Helf-iiieouipatibility in Inrmaphrodite 
plant.s. Jour. Gencius, 9 : 104. 

and (I F. (tuAUic, 1924. Sterilities of wild and (niltivated potatoi^s with 
r<^f<renceM-o hri^isling from h<;<uI. II. H, Dept. Agr., Bull. 1195. 

Stuoman, cl N., 1924a. (loiKd-ic ri^ations of chlorophyll and aiitbocyanin seedling 
characters in maize. (kncMcs, 9 ; 91 -123, 

10245. Tho inheritanco of certain chloropliyll characters in. maize. Genetics, 
9 : 493- 512. 

1925, Biomet.ri<*aI studies of lint and seed characters in cotton, Tex, Agr. 
Exp. Hla., Bidl. 332, 

and 0. 11. Mahoney, 1925. Ileritahlo chloropliyll deficioncies in seedling 
cotton. Tex, A gr. Exp. Hta., Bull, 333. 



416 


UTiEEDlNG CROP PLANTS 


Stuart, William, 1915. Potato breeding and selection. U. S, Dept, Agr ^ Bui\ 
Plant Indus,, Bull. 195. 

1923 The potato. J. B Lippincott Company, Philadelphia and London. 
Student,’' 1920. Mathematics and agronomy. Jour, Am Soc, Agron , 18:703- 
719 

Sturtevvnt, E. L., 1899 Varieties of corn. U, S, Dept, Agr,, Office Exp, Sta , 
Bull 57. 

Surface, F. M , 1916. Studies on oat breeding. III. On the inheiitanoe of ccTiain 
glume characters in the cross .ft. fafua X A, sahva, var. Kln^rson. Gerietics, 
1:252-286. 

and Jacob Zinn, 1916. Studies on oat breeding. IV. Pure line varieties. 
Maine Agr, Er.p, Sta., Bull. 250 

Sutton, A. W., 1908. Brassica cxosses. Jour, Linn, Soc , 38; 337-349. 

Sutton, E. P. F., 1924. Inheritance of “bolting” in cablmge. Jour, Heredity, 
16: 257-260. 

Sutton, C L , 1910. Varictlc^s of wheat recomm(‘nd(‘d by the Department of Agn- 
eulturo. Agr, Gaz. N, S Wales, 21: 185-193. 

1910 Varieties of wheat rcH'ommonded by the Departmiuii of Agriculture 
Agr, Gaz, N, S, Wales, 21: 282-288. 

Sutton, Ida, lOlS. ilepoit on lests of self-stcrihty in plums, <‘herries, and apples 
at the John limes Horticultural Institution. Jour, Genetics, 7 : 281-300. 
Swanson, A. F., 1923. Some inheritable charactiTS in gram sorghums Unpub- 
lished thesis pn'sented to the faculty of the (lraduatc‘ School of the University 
of Minnesota iii partial fulfillment of the requirements for tins degree of Master 
of Science. 

Swingle, W. 7", 1913. Some new citrous fruits. Am, Breeders' Mag , 4: 83-95. 
Takeztki, Y., 1921, Inheritance of l(‘af color in purple ri <‘0 plants (Japanese). 
Idengakn Zassi (Japanese Jour, Genetics), 1; 37-43. See Boian, Abstracts, 
1925, 14, no. 4, entry 3,459 

1923. The inheritance of l(‘af color in purple ri()e plants (Japanese). IT. Ibid, 
2: 95-101. See Botan, Abstracts, 1925, 14, no 7, <uitry 6,312. 

Takaiiasi, N., 1923. Linkage in nee (Japanese). Idengahu Zassi (Japanese Jour, 
Genetics), 3: 23-30. See Botan, Abstracts, 1925, 14, no. 7, entry 6,311. 

Tammes, Tine, 1931. Das Verluilt<ui fluktuierend varu(*render Merkmah' bci der 
Bastardieruiig. Rcc, Trac, Hot, NeerL, 8; 201-288. 

1914. Tlie (explanation of an apparent exception to Memded’s law of segrega- 
tion. Koniiiklyke Akademo van Wet(mschappon. Te Antsterdam,, 16; 1021- 
1031. 

1915. Dio gonotypischo Jiusainmensotzung einigor Vari(itat<en d(irB(4hen Art 
und ihr genetisch(T Zusammenhang. Rcc, Trav, BoL NccrL, 12: 217-277. 

1916. i)ic gegenseitigo Wirkung genotypischer Faktoron. Rcc, Tram BoL 
NeerL, 13 : 44-02, 

1922. Genetic analysis, schemes of cooperation and multiple alhdomorplis of 
lAnum usitalissimum. Jour, Genetics, 12: 19-46. 

3923. Das Genotypischo Vcrhilltniss zwiseben d<un wild<m lAnum angmUfolium 
und dem KulturUnn, lAnum ^isitoUvisiwim, GeneticAi, 6: (>1-76. See Botan, 
Ahtracts, 13, no, 7, entry 5,053, 1924. 

Tedin, II., and 0, Teoin, 1923, Contributions to the genetics of Pisum. IIL 
Internode length, stem thickncHS, and placje of the first fiowesr. HeredUas, 4: 
351-362. 

1925, Contributions to the genetics of Pisum. IV. Leaf-axil color and grey 
spotting on leaves. Ilereditas, 7 ; 102-108. 



LITERATURE CITATIONS 


417 


Terao, H., 191S. Matorruil iTiheritance in the soybean. Am, Natnralistj 62: 
51-5(’>. 

1921. Mutation and irilK^ritancio of soini-stcrility in the rice plant (Japanese) 
Identjaka Zom {Japanese Jour, CrcmticH)^ 1: 45-54. See Botan, AbatraclSj 
1925, 14, no. 2, entry 1,483. 

1922. On inutration in the “large-f^rained” rice especially regarding frequency 
of allelomorphic transformation (Japanese). Ibidy 1: 127-151. Bee Bolan. 
Abslraria, 1925, 14, no. 2, entry 1,484. 

Thadani, K. I., 1923. Linkage relations in the cotton plant. Agr, Jour, India, 
18:572-579. 

1925. InlK'Titance of certain characters in Gossypium. Agr, Jour, India, 


20:37-42. 

TuATCinou, It. W., 1912. Dominant and recessive characters in barley and oat 
hybrids. Broc, Hoc. Prom, Agr. Sci., 33: 37-50. 

IhioMPSON, W. l\, 1918. TJie inheritance of the length of flowering and ripening 
p(‘riods in vvh(‘at. Tratm. Roy. Sac. Catuula, 3 : (>9~87. 

1920. Ghroinosomc bcJiavior in a cross between wheat and rye. Genetics, 
11: 317-332. 

Thompstonk, LO., 1915. Bonn^. olwervations on upper Burma Paddy (grown under 
irrigatioti), Agr. Jour., India, 10: 29-53. 

’’J'lSDAiiE, W. H., 1919. Ih^ation of soil temperature to infcjction of flax by Pusiirium 
lini. I* hyto pathology, 6: 412-413, 

1917. Plax wilt. A study of the nature and inheritance of wilt resistance. 
Jour, Agr, Research, 11: 573-995, 

Todauo, 1877. Osscjrvazi. su tab sp. di cot.; Relass. cult, die cot. Homo, 1878.^ 
Townhknd, 0, ()., 1009. Breeding sorghum. Am. Breeders’ Assoc. RepL, 6: 269- 


274. 

Tuahut, L., 1914. The origin of cultivated oats. Jour, Heredity, 6: 74-85. 
Thajkovuui, II., 1924. Inheritance of xantha seedlings in maize. N. Y, {Cornell) 
Agr. Exp. Sta., Mem. 82. 

TuocrAUU-Bioi.nw, Y., 1920. Los hybrides do Haphanus (The hybrids of Ilaphanus). 


Rev. gen, hot., 82: 438-447. 

1914. Be(‘hcr(^hcK inorphologiques et biologiriucs sur les Radies cultives. Ann, 
Sci, Agron., 31: 34(K550. 

Tsohkhmak, Vu von, 1901. XJebor Zilchtung neuer GetrekU^rasson mittelsb kttnst- 
lichcr Kreuzung. ZelUchr.f, d, Larui. Vcrmch. in Oest., 4: 1029-1000.^ 

KKH). ttbi^r Zri<*,htung neuer Gotreidcrasson inittels kiinstlichor Tvreuzung. 
11. Mithulung, Kreuzungstudien am Roggen. Zeitschr. /. d, Landw, Versuch. 


inOcsi., 9: 999-743. 

1913. ttber s(4teno Getnudebastardo. Beitrdge zur Pflanzenzilclit,, 3: 49-61. 
1914a. Di*'. Verwertung dov Bastardiorung ftlr phlogcnetische Fragcn in dor 

Getreid(‘gruppo. ZcMscJtr. fiXr PJlanzmMiht., 303-304. 

19145. tJbor die Vc^rerbungswcisc von Art- und Gattuiigs-bastardon innorhalb 
dor G(^tr(ud(^gruppe. MUt, Jjandw, LehrJzanzeln K, K. Jlochschvlefdr Bodenhdtur 

tnTPwq 2: 793-772. _ ^ 

1916. Itber den gngonwartigen Stand dor Gcmtisozuchtung. Zeitschr, fur 

PflanzenzuchU, 4 : 65-104. . 7 . 7 

Tsohkhmak, E., and H. Bljbjikr, 1920. tJbor frucjhtbare Aa&lop^-Weizenhastarde, 

Ber, Dcut, Botan, Oesell, Ail i 

Tukada, H., K. Okapa, and H. Tbrao, 1923. Mutation and plant breeding m regard 
to the giant tobacco (Japanese). Idengaku Zasd (Japanese Jour. Genetics), 2: 
77-03. Boo Botan. Abstracts 14, no. 6, entry 6,341, 1925. 



418 


BREEDING CROP PLANTB 


Ubisch, O, von, 101(5. Boitrag zu cinor Faktoronanalyso von Gorsto [-TV 

sc/ir.y DuluL AbaUimm, a Vererh 17: 120-J52, 1919 Ibid^ 20: 65-117, 1921 
Ibid, 26: 198-210; 1923 Bor. Dent Bolan GescU , 41: 79-84 
Ulrich, K , 1902 Djc Bestaiibung iiiid Bcfiuclitung dos Roggons. Inauq Dim, 
Halle 

Upiiop, J. 0. Til, 1924. On Mcndolian fa{*toia in radishes. Geneiicn, 9: 292-304 
Valleah, W. D., 1918 Sterility in the strawberry. Jour. Agr, Reneaich 12: 013- 
669. 

1923. The inheritance of flower types and lertility in the strawberry. Am 
Join. Botany, 10: 259-274. 

1925. The miprovomeut of Burley tobacco plant varieties hy scflection Tobacco 
79:56-59. 

and E J. Kinney, 1922 Strains of standup White Thirley tobacco resistant to 
root-rot. Ky. Aqr Evp. Bta (\rc. 28. 

Vavilov, N. L, 191 1. Immunity to fungus diseases as a physiological i.est in genetics 
and system atics exemplified in cereals Jour Geneticn, 4^: 49-65. 

1917. On the origin of cultivated rye Bull Applied Botan , 1917, pp 1-30. 
(Russian, resume in English ) 

1922. Dc rongine d’orge a barbes lisses Bull. Applied Botan, and Planlhreed 
(1921) 12: 53-128 (Tn Russian, Eiench resume, 105-128 ) 

1925. Intoi-gentTic liybnds of m(4ons, watiTinelons and siiuashes (With 
English summary.) Bull App. Bot. and Piantbi ml , 14: 3-35. Abstracted in 
Botan. Ahi^tmets, 16: 405, (‘ntrv 2,573. 

1926 Studies on the origin oi cultivated plants. (Russian and English) 
Bull. App. Bol. and Plant Bi ceding, 16, no. 2. 

and E. S. KoirzNETzov, 1921 On the genetic nature of wint(*r and spring 
varieties of plant-a. IweMii Ag'ron. Fakiiltcte HaroUmlogo Urnn (Bull. Agron. 
Faculty Baratov Unw) 1921, no. T, pp 1-25 (In Russian, Englisli summary.) 
ViLMoRjN, J. L, OE, 1923. nei(‘dity in the eultivat(‘d becdi. C}aiithi(>rs-Villars and 
Cie.: Pans, 153 pp. Abstraeted in Botan. Abi\tj acts, 13: 880, entry 5,875. 
ViLMouiN, Lochs dk, 1856. Note sur la creation (run(‘ nouveIli‘ raec' do hetteravii a 
sucre, ])p 25-29. Tn notices sur ramerlioration des plant-(‘S, by Louis LdviSque 
do Vihuoiin and Andrd L(5v5quo de Vilmorin, Vilmorin-Andrieux, Pans. 
ViLMORTN, M. Xf , 1880. Essais do croismuent cnt,r(‘s bl(‘s difTeients. Bull. Boc. 
Bol France, 27: 356-361. 

1883. Exp<*ri(Mices dc cirois<‘m<mt entres d(^s bles differents. Bull. Soc. Bot. 
France, 30: 58-53. 

Vilmorin, P. de, 1910. Rechercjhos sur riierodito mendelieniie. (JompL rend, acad. 
m., 151 : 548-551. 

ViNALL, II. N., and A. B, Gron, 1921. Improvement of sorghums hy hybridization. 
Jour, Heredity, 12: 435-443. 

R, E. Getty, and A. B. Gron, 1924. Horghum expcTiuionts on the Great 
Plains, U. B. Dcpl. Agr., Bull, 1260. 

Waite, M. B., 1905. Sterility m Japanese plums. Arn. Agr., 76: 112. 

Waldron, L. R,, 1912. Hardiness in successive alfalfa gcuicratioiis. Am. Naturalist. 
46: 46iM69. 

1019. CrosH-fc^rtnimtion in alfalfa. Jour. Am Soc. Agron., 11: 259-266. 

1921a. Home physical and (*heim(‘al studies of <‘ertain clotuss and sibs of brome 
griiSH. N, Dak. Agr. Exp, Bta., Bull. 152, Researeh Bull. 1. 

19216 Fhysicuil charaetesrs and some of their correlations in Bronius inerniis* 
N. Dak. Agr. Exp. Bin,, Bull. J63, Research Bull. 2. 

1924, A study of dwaifne^ss in wheat accompanied by unexpected ratios. 
Genetics, 9; 212-240. 



LITERATURE CITATIONS 


419 


Wakakayshi, l-*2l. A sIikIv of hybrid oat^, Aveita aterilis X Ai^ena orientalis, 
Jour\ Amf*r. Sor. Argitn., 13: 250 

WALLi^fi, A. K., 1017. A lUid hod for dotormining the pereoniage of self-pollination in 
J(nn\ Ant. Sor. A(jrnn.j 9: 35’~37. 

WAr.TKit, H. K., 1010. (J(‘n(‘ti(‘S. The Maeuiillaii Company, New York, 272 pp. 

Waiwuhton, W., JOM. Notes on oats tor the Southern United States. Jour, 
A'Ui, Sor. Agron.j 6: 11S--121. 

Wauiuon', I*. A., I021h Complementary factors for depth and fasciatioii in tomato 
fruits (abstract). Aunt. Record, 26: 3S5-3S(i. 

Watkins, A. I'l., 1921. (lenetie, and eytologieal studies in Wlieat. T. Jour, Genetics, 
14: 129-171. 

Watt, ( J., 1907. Th(‘ wild arul cultivated cotton plants of the world, London, 1907. 
Wauuh, V. A., IS9(). 'The pollination of phims. Vt. Agr. Exy, Sta., Bull. 53. 

1897. Trol)l<mis in phim-pollination. Vt. Agr. Exp. Sta. Ann. Kept., 10: 87-98. 

1898. Probhnns in plum-pollination. Vt. Agr. E.cp. Sta. Ann. Kept., 11: 238- 
292. 

lSt)9. Th<‘ pollimdiou of plums. Vt. Agr. E.rp. Sta. Ann. RepL, 12: 189-209. 
IlKK). Further work in plum-pollination. Vi. Agr. Exp. Sta. Ann. Rapt., 13: 
35,5-3(>2. 

1901, IMums a.nd plum culture. Orange Judd Company, New York, 371 pp. 
Wkatukkwax, Pauo, 1918. The evohdion of maiise. livlL Toiyeij But. (Huh, 46: 

•^99 312. . . 

WiautKit, U. J., ItHK). N(uii/i., or the immediate effect of pollen, in maize, u. S. 

• Dept. Agr., Dir. Vcg. Rhih^. and Path., Bull. 22. 

1905. Cotton br{‘<Mling. Arn. BrmRra' Rrpt,, 1: 37-44. 

1911. Preliminary noti'S on peppiT hybrids. Ani. Breedara^ Assoc. RepL, 8: 

188-199. _ , 

T. F. Hunt, J. W'. Ciumoki'I, C. F. Cr.AnK, ami H. Fuasku, 1012. I h<^ produetion 
of new ami improvc'd varietii(‘s of timothy. A. V , Cornell Agr. L.tp. Sfa., Bull, 313. 
and W. Ckton, 1902. A eowpea resistant to root-knot. Part II. (L S. Dept. 
A{/r,, Bur. Plant Indus., Bull. \7. ^ ^ . z-y • o. 

WnmjKNsiwK, 8. J., !925u.. Cenetic monograph on Pisum. IHhliographiaGcneHca, 2 : 


343-470. 

1925/;. Pisum erosst^s 1. Genelim, 7: 1-04. 

1925c. Th<^ dilT(‘rt‘n(‘<^s in po<l tlu<*kn('SH in peas. Landbouwhundig Hpdschr,, 
37: 378 -385. AbsiraeUul in Botan. AhsLracls, 16: 554, entry 3,(n7. 
WK0LrN<m>N, K., 1912. Tnfiiuuice of erossing in iruT(‘asing yield of the tomato. 

N. >A 4f/r. to;;. AVa., 340. ... tvt- ,.• 

1913a. St.udu^s of natural and artilicial paiihenogiuu^sis in the genus NuJOtiana. 


Am. Nahmtlist, 47 ; 279-300. 

1913?;. ILispbcTry breeding. Hoc. Ilort. SH. RepL, 1913; l.).)-lo9. 

Wkntz, John ,B., 1925. Linkage*. ludwiK-n Hweet-defee.tive and sugary (uidospcrm in 

maize. Genetics, 10; 395-401. . r j 

Wkktoatk, j. M., 1010. VaridKiiUid alfalfa. U. Dept. Agr., Bur. Plant Tmlm., 


Bull. 10!).. 

1915. Hed-elov<‘r seed prodiudion: pollination studies. 


U. S. Depi. Agr., 


iruu. jetoiJ. ... * A 1 

Wkbtovbk, K. CA, 1924. Tha influenee of plot size and repli‘‘i^Hon on oxi^enmental 
error in field trials \\^ith potatot^s. W , Va. Agr. Exp. Sia., Bull 180. 

Whitw, O. K., 1910. Inheritance studios in Pisum. T. Inheritance of cotyledon 

color. Am. Naturalist, 50; 530-547. . i r • » £.7 

1916. The origin and history of our more common cultivatCKl fruits. BrooKlyn 

Bot. Oard. IjexjJlcts, Ser. 4 ; pp. 



420 


BREEDING CROP PLANTS 


1917. Inheritance of oiiflosperm color m maizo Am Jour Botany ^4^: 396-406. 

1917. Inheritance studies iii Pisuni IV Interrelation of the genetic factors of 
Pisum. Jour, Agr Rcttcaich, 11: 1()7“190 

1918. Inhciitance studies in Pisuin. III. The inhciitance of height in peas. 
Mem Totrey Boi C/zv/), 17 : 310-322 

1925. Inheritance studies in Pisuin. V. The inheritance of scimitar pods. 
Genetics, 10: 197-210. 

WiGGANS, P. G., 1925. Variations within and between morphological varieties of 
oats and barley. N, Y, {Cornell) Agr. Eip Sta , Mem. 94. 

Wight, W. F , 1915. Native American species of prunes. U. S. Dept Agr., Bull. 179. 
1915. The varieties of plums dciived from native American species. U. S, 
Dept. Agr., Bull. 172. 

1910. Origin, introduction and primitives culture of the potato. Proc. Nat. 
Potato Assoc. Am., 3: 35-52. 

Williams, C. G., 1905. Pedigreed seed corn. Ohio Agr. Exp. Sta, Circ. 42. 

1907. Corn breeding and registration 0/no Agr. Eep Sta , (hrc. 06. 

1910. Wheat experiments. 0/vio Agr Exp. Sta , Ball. 298. 

and F, A. Wblton, 1911. Wheat (‘xp(Tiinents. Olno Agr. Exp. Sta., Bull. 231. 

1913. Oats. 0/ao Agr Exp. Sta , Bull 257. 

1915. Corn experiments. Ofno Agr Etp. Sta , Bull. 282. 

Williams, R. 1)., J925. Studies concerning the pollination, fertilization and breed- 
ing of red clover, Unir. College Wales, Wcls/i Plant Breed. Sta. Ser. II, No. 4, 
58 pp. 

Wilson, J. II , 1910. Fuithor experinumts in crossing potatoes, Trans. IPig/i. Agr. 
Soo. Scotland. Fifth sernss, 28 : 33-55, 

WiNGE, 0 , 1917. The chromosomes. Their number and general significance, 
Compt. Rend. Lab. Caihherg, 13*. 131-275. 

1924. Zytologische Uu tersucdiungoii uber Hpoltoide und andcre mutanten- 
ahuhclie Aborranten beim Woizen. Ileredilas, 6: 241-280. 

Winter, ¥. L , 1925. The effectiveness of H(‘ed corn sek^ction based on ear char- 
acters. Jour. A?n. Soc. Agroii., 17: 113-118. 

WiT^rE, H., 1919. Breeding timothy at Svalof. Jour. Ilei'edUy, 10: 291-299. 

1922 Nagra undersokningar hfver isolenrigons inverkan pSi timotejens 
frosattniiig. Sver. l/tsad. Tidslcr., 32: 87-91, 

WiTTMAOK, L., 1909. Studicn iiber die Stammpflanzon der Kartoffid. Ber. Deut. 
Boi. GeselL, 27: 28-42. 

Wood, T. B,, and F. J. M. Stratton, 1910. The int<*rpr<‘tation of experimental 
results. Jour. Agr. SaL, 3: 417-440, 

Woodworth, (b M., 1921. Inheritance of cotyledon, seed-coat, hilum and pubes- 
cence colors in soybeans. Genetics, 6 : 487-553. 

1922. The extent of natural eross-pollination in soyl^eans. Jour. Atn. Soo. 
Agron., 14; 278-28.3, 

1023, Inliontanco of growth habit, i)od color, and flowcT color in soybeans. 
Jour. Afn. Soo. Agron., 16: 481-495. 

Wolfe, T. K., 1015. Further evidence of the immediate effect of crossing varieties 
of coni on the size of se(?(l produced. Jour. Am. Soc. Agron., 7 : ^65-272, 
Wukhit, Hmwall, 1921. Systems of Mating. V. General considerations. Jour. 
Genehes, 6: 107-178, 

Young, W, J,, 1922, 8omo phases of brooding work and seed production of Irish 
poiatooB. S. C. Agr. Exp, Sfa,, Bull. 210. 

Za.de, a., 1914. Serologische Studien an Logununosen und Graminior. Zeitschr. 
Jut PflanmizIwhL, 2: 101-161, 

1018, Dor Hafer. G. Fischor, Jena. 



LITERATURE CITATIONS 


421 


ZiNN jAroH, 1023. Oorr(‘hitions b(^twoen various characters of wheat and flour as 
doteririinod from published data from chemical, milling and baking tests of a 
iiuiuber of Anieriean wheats. Jour, Agr. Reacarchy 23: 529-548. 
and lA 1^1- HriiU'’AOK, 1917. Studies on oat breeding. V. The Fi and 
F 2 generations of cross l)etwo(in a naked and a hulled oat. Jour. Agr. Researchj 
10:203-312. 

ZoKBL A., and Mikoscu, 1892. Die function der Grannen der Gerstenahie. 
Sitz. hei K. A had. Wins, Vimnaj Math. Naturw. CL, 101: 1033-1060. 

ZwANN, A. II., 1925. New principle in selecting spinach. Seed World, 18: 7-9. 




INDEX 


A B 


Aamodt, spring vs, winter habit in wheat, 

178 

and Levine, reaction to rust in wheat, 

164 

Aaronsohn, wild wheat, 163 
Aase and Powers, oat chromosome 
numbers, 182 

Adaptability of varieties, 369 
Akerraan, false wild oats, 189 
speltoids in wheat, 179 
Alfalfa, Grimm variety, 308 
flower structure, 307 
now varieties, 309 
origin, 306 
pollination in, 101 

Allard, color of flowers in toba<!co, 224 
inheritance of mammoth type, 234 
mutation in, 229 

Althausen, inhc^ritance of length of style 
in buckwheat, 200 
species of buckwheat, 200 
Anderson, E., disease resistance in 
tobacco, 228 

Andersort, endosperm characters, maize, 

254 

linkage in maize, 263 
maize genetic factors, 261 
multiple allelomorphs, maize, 267 
Anderson and Em(^rson, linkage in 
maize, 263 

pericarp colors in maize, 268 
Anthony and Hedrick, raspberry crosses, 

359 

Apples, bud sports in, 364 
inhoritan(;e, 359 
Arhenius, breciding oats, 182 
Armstrong, resistance to stripe rust in 
wheat, 376 
Amy, plot size, 74 
• strain t(ists in red clover, 305 
Amy and Garber, size of seed planted, 135 
Asparagus, rust resistant, 342 
Auohtcr, apple breeding, 359 

423 


Babcock and Clausen, crosses in small 
grains, 158 
crossing over, 26 
genetic definitions, 384 
normal curve, the, 37, 41 
Backhouse, wheat-rye hybrids, 199 
wheat species, crosses, 173 
Bailey, cross-pollinatioTi of eueurbits, 347 
origin of raspberry, 359 
of sweet corn, 32(5 
fruit evolution, 353 

Bain and Essary, (;lov(ir resistant to 
anthracnoso, 304 
Ball, pollination of sorghum, 100 
Ball and Piper, agronomic terminology, 
384 

Balls, anther color in f?otton, 237 
boll surface in cotton, 238 
fiber color in cotton, 237 
leaf callus color in cotton, 236 
natural crossing in cotton, 101, 235 
petal color in cotton, 236 
petiole hairiness in cotton, 238 
Barker, wilt resistance in flax, 219, 372 
Barker and Hayes, mst resistance in 
timothy, 301 

Barley, awn in relation to yield, 193 
chromosome numbers in, 194 
natural crosses in, 97 
sp<icies classifiesation, 190 
Barley inheritance, linkage, 195 
pubescence on rachilla, 197 
simple Mondelum characters, 196 
spike density, 30 
xenia, 197 

Barms, resistance to anthracnoso, beans, 
327 

Barney, oat smut resistancse, 184 
Batchelor and Heed, soil lioterogoneity 
in fruit trials, 354 

Bateson and Pel lew, rogues in peas, 329 
Beach, sterility in grape, 357 
Beal, Fi com crosses, 283 



m 


BREEDING CROP PL^iNTS 


Bean flower st.riuiiurc, 33 1 

inlieritance, flowers, pods, seeds, 336 
height, 335 
linkage, 336 
M. A. G, Hobust, 141 
natural crosses in, 99 
resistance to antliracuosc, 148, 328 
seed coat, 335 
Beans, classification of, 333 
Becker, crosses in cucurbits, 348 
in peaches, 361 

Beets, inheritance of root shape, 344 
Belling, chromosome numbers in rye, 
107 

F\ varietal crosses, maize, 285 
inheritance in vclvef. beans, 211 
Bcithault, wild species potiitoes, 310 
Biffin, barley crosses, 191-103 
inheritance, 195 
disease icsLst<‘in(;e m wheat, 176 
immediate effect of pollination in 
wheat, 175 
wheat breeding, 143 
chaff colors, 176 
specic‘s crosses, 173 
Biometrical methods, 36 
coefficient of contingency, 49 
of correlation, 43-46, 55 
of variability, 36 
correlation ratio, 47 
mean, 36 

multiple correlations, 64 
normal curve, 36 
partiial correlations, 52 
probable errors, 37 
regression, 40, 68 
X* test of goodness of fit, 51 
Blakeslco^s studies with dai,ura, 34 
Blarmghom, wheat spe(U(‘s crosses, 166 
Bollcy, wilt resistance in flax, 219, 372 
Bonar, disease resisbinco in rod clover, 
304 

Brand, origin of Grimm alfalfa, 306 
Brassica crosses, 346 
Breeding methods classified, 114 
Breeze, storihty in potatoes, 314, 316 
Breggar, linkage in maize, 262 
Brewbakcr, inheritance in rye, 198 
soiling in rye, 107 

Briggs, reaction to bunt m wheat, 178 
Briggs and Shantz, drought resistance in 
sorghums, 244 


Brmic and MacGillvrey, selective fertili- 
zation, 265 

Brotherton, rogues in peas, 329 
Brome grass, 302 
Bnmson, lmkag(^ in maize, 262 
maize genetic factors, 260, 261 
Buckwheat, breeding, 201 
chromosome numbers, 200 
inheiitaiie() studios, 200 
species relationships, 200 
Biishncll, selfmg in squashes, 341 

C 

Gabbago, inheri1anc‘(‘ in, 315 
Gamerarius, on sexuality, 3 
Caponi, time of maturity m oats, 188 
Garleion, origin of rice, 201 
(lamer, (Tossing on st‘(‘d size, 282 
Ghambliss and JtMikins, ri(‘e br(‘(‘ding, 204 
Gho(^k i>lots and tluar us<‘s, (>5 67 
Ohristie, sliam t(‘sts in red eloviT, 305 
ChroinosouK' numb(‘rs, Imrloy, 194 
Ix'ans, 336 
biKjk wheat, 200 
(^ott(m, 236 
cucurbits, 317 
flax, 215 

maize and relatives, 251 

oats, 182 

ric(', 203 

rye, 107 

tobacx^o, 221 

toTUufo(‘s, 337 

wheat, 1()7 

Gitrus fruits, ])U(l sport, s in, 303 
Clark, G, K. H(4(*(‘tiou in Hm^s of 

pot<at()(‘H, 317 

Clark, J. A. (»arlin<*ss in wlu^at, 170 
prcseiKiO and absence of beards in 
wh(‘at, 176 

proi,ein content in wiieat, 173 
Clark and Martin, Kanrod wlu^at, 138 
Clausen and Goo(lMpe(^d, tol)a<j<50 species 
erosscH, 221 

and Mann, haploid tobacco plants, 221 
Clover, a<laptatiou of red, 304 
breeding rc^d, 305 
disease resistance in red, 303 
importance and sp<x*ic‘s, 302 
inheritam^e in red <?lovor, 303 
pollination of red, 103, 303 



INDEX 


425 


Clover, Japanese, 305 
sweet, 306 

white sweet, pollination in, 102, 103 
yellow sweet, pollination in, 103 

Coe, mutations in velvet beans, 212 
and Martin, pollination in sweet clover, 
102 

Coffman and others, variability of Burt 
oat, 182 

Collins E. J., tuber color in potatoes, 
314 

Collins, G. N., endosperm characters 
in maize, 254 
Fi com crosses, 283, 285 
maize, genetic factors, 261 
origin of maize, 250 
podded maize, 269 
waxy corn, 252 

Collins, G. N., and Kempton, crossing on 
seed size, 283 

endosperm characters in maize, 254 
maize genetic factors, 260 
tcosintfCwnaize crosses, 251 

Collins, J. L, and Mann, species crosses in 
Crepis, 35 

Competition in plot trials, 77 

Conner and Karper, color of seed in 
sorghums, 246 

chlorophyll deficiencies in sorghums, 
247 

effects of selfing in sorghums, 248 
Fi sorghum crosses, 109 

Connors, inheritance in peach, 361 

Cooper, spring vs. winter habit in wheat, 
178 

Correns, endosperm characters in maize, 
254 ‘ 

rediscovery MendePs law, 10 
xenia, 253. 

Cotton, breeding, 243 

chromosome numbers, 236 
classification, 235 
correlations in, 241 
disease resistance, 244 
inbreeding in, 109 
inheritance, anther color, 237 
boll block nurhber, 238 
shape, 238 
surface, 238 

chlorophyll deficiencies, 240 
fiber color, 237 
length, 238 


Cotton, inheritance, leaf blade color, 236 
callus color, 236 
shape, 238 
linkage, 241 
petal color, 236 
spot, 237 

petiole hairiness, 238 
seed fuzziness, 238 
size characters, 239 
mutations in, 242 
natural crosses, 101 
origin, 235 

selective fertilization in, 242 
species relationships, 235 
Cowpeas, inheritance in, 205 
natural crosses in, 99 
origin, 205 
selections, 141, 206 

Cox and Megee, strain tests in red clover, 
305 

Crop improvement, value of, 13-14 
Crosses, results of, 142 
methods of handling small grains, 158 
Crossing technic, 122-129 
depoilination with water, 126 
large-flowcrod legumes, 126 
small grains, 122-126 
use of bees, 128 

Cucumber, heterosis and inheritance, IMS 
Cueurbitaceao, classification, 346 
immediate effect of pollination, 347 
Cutler, natural crosses in wheat, 97 
Cytology, chromosomal aberrations, 34 
behavior in species (irosses, 35 
reduction division in plants, 17, 18 

D 

Dalgren, inheritance in buckwheat, 200 
Darrow, the Van Fleet raspberry, 360 
Darwin, theory of natural selection, 8 
Date palm, sexuality, 2 
Davidson and others, britthi rye, 198 
De Candolle, origin of vegetables, 326 
wild potatoes, 311 

Delwicho and Eenard, breeding peas, 328 
resistance to root rot peas, 327 
rogues in peas, 329 
Demeroc, linkage in maize, 262-264 
maiaie genetic factors, 260-261 
Denham, chromosome numbers in cotton, 
236 



426 


BREEDING CROP PLANTS 


Dettweiler, early agriculture, 1 
Do Vries, correlation of characters and 
yield, 136 
Mendel’s law, 10 
mutation theory, 9 
natural crosses m small grains, 97 
xenia, 253 

Dickson and Holbert, selfed lines in 
maize, 294 

Dillman, selection in sorghums, 249 
Dioecious plants, 105 
Doolittle, resistance to disease in cucum- 
bers, 348 

Dorsey, bud sports in grapes, 362 
cion selection in apples, 364 
origin of fruits, 352 
plum breeding, 367 
sterility in fruits, 357 
in potatoes, 314 

Dorst, bud mutation in potatoes, 321 
Duggar, cotton classification, 235 
Dunlavy, correlation in cotton, 241 
Durrell and Parker, r<^slHtance to oat rust, 
183 

Durst, wilt resistance in tomatoes, 327 
Disease resistance, technic of breeding, 
169 

in asparagus, 342 

in barley, 196 

in beans, 148, 327, 328 

in cabbage, 339 

in cotton, 244 

in cowpeas, 207 

in cucumbers, 348 

in flax, 218 

in maize, 286 

in oats, 183, 184 

in peachess, 361 

in potatoes, 314 

in clover, 304 

in rye, 199 

in sorghums, 248 

in spinach, 344 

in timothy, 301 

in tobacco^ 228 

in tomatoes, 327 

in watermelons, 342 

in wheat, 144, 148, 176, 177 

E 

Bast, maize, ear-to-row breeding, 278 
endosperm characters, 264 


East, maize, inbreeding m, 283 
origin of sweet, 252 
potatoes, bud mutations in, 321 
inheritance in, 312 
introduction of, 311 
pollination in, 315 
species in, 310 

tobacco, sections of genus, 220 
self-stenlity m, 222 
size mhoritance in, 226, 227 
species crosses, 221 

East and Hayes, maize, endosperm 
characters, 264 
genetic factors, 260, 261 
plant colors, 200 
size characters, 270 
tobacco, hybrid vigor iii Fi cross(‘s, 111 
species crosses, 109 

East and Jones, inbre(^ding and cross- 
])recding, 111 

mutation m het(‘ro zygotes, 304 
protein m maiziu 273 
East and MangtJsdorf, self-stenlity m 
toba(‘co, 223 

East and l^ark, self-sterility in tobacco, 
222 

Edgerton, wilt resistance in tomato, 327 
Egiz, effets of selfiiig in biu^kwluMit, 201 
inheritance m buckwheat, 201 
Elders, pollination in Hwe<^t clover, 102, 
103 

Emerson, beans, inheritance in, 336 
maize, dwarfs in, 270 

endosperm characters, 254 
genetics fa(?t(>rs, 260, 261 
linkage in, 263 
plant colors in, 268 

Emerson and East, maize, size inherit- 
ance in, 270 

Emerson and Hutchison, maize, crossing 
over in, 264 

Englodow, whofKt species crosses, 173 
Englor-(hig, origin of rye, 197 
Essary, Japanese clover, 305 
Etheridge, oat olassification, 181 
Evans, bndging hosts, 159 
Eystcr, maize, genetic factors, 261 
linkage in, 262 
mosaic pericarp, 267 
variation in C*0., 264 
zigzag culm, 269 



INDEX 


427 


F 

Farmer’s methods seed production, 370 
in small grains, 371 
improved corn seed, 373 
potato seed plot, 377 
with cross-fertilized crops, 379 
Fergus, red clover, chlorophyll defi- 
ciencies, 304 

pollination of, 103, 121, 303 
Field plot technic, 56 
summary of methods, 93-94 
Fisher, the Latin Square, 84 
Fisk', maize chromosomes, 251 
Flax, breeding, 220 
flower and seed colors, 214-216 
structure, 216 
origin, 214 
size characters, 218 
wilt resistance, 218 
Fletcher, cotton, petal colors in, 236 
seed-fuzziness in, 238 
sterility in pears, 357 
Floroll, earliness in wheat, 179 
Focke, xenia, 253 

Fraser, maize, endosperm characters in, 
265 

genetic factors, 260 
oats, awn inheritance in, 186 
basal articulation in, 187 
color of grain in, 186 
linkage in, 189 

Freeman, texture of grain in wheat, 175 
wheat species crosses, 164, 174 
Fruit breeding, causes of sterility, 358 
controlled crosses, 365 
self-sterility, 356 
soil heterogeneity, 354 
summary of methods, 367 
Fruits, early improvement of, 353 
methods of breeding, 362 
origin, 351, 352 
selection of bud sports, 362 
Frimmel, heterosis in tomatoes, 337 
size of fruit in tomatoes, 337 
Fruwirth, maize, self-pollination in, 102 
potatoes, species crosses, 310 
inheritance in, 311, 312 
pure lines, selection in, 132 
rice, blooming in, 98 
rye, pollination of, 103 
small grains, natural crossing in, 97 


Fyson, petal color in cotton, 236 
seed-fuzziness in cotton, 238 

G 

Gaines, barley crosses, 191 
inheritance, 195 
oats, grain color, 186 
hulled vs. hull-loss, 187 
open vs. side panicle, 188 
smut, 184 

wheat, bunt resistance in, 148, 178 
color of grain, 175 
spike density, 174 

Gaines and Aasc, chromosome relation- 
ships in plants, 168 

Gaines and Carstens, linkage in wheat, 
174 

Gaines and Stevenson, wheat-rye hybrids, 
199 

Gamme, cotton classifleatiou, 235 
Garber, oats, false wild, 189 
open vs. side panicle, 1 88 
stem rust of, 183 

Garber and Odland, soybeans, natural 
crosses in, 99 

Garber and Olson, stem characters of 
small grains, 138 

Garber and Quisenberry, maize, smut 
resistance in, 286 
oats, false wild, 189 

correlated inheritance in, 188 
probable error methpds, 81 
wheat, natural crosses, 97 
Gamer, tobacco, mutations in, 230 
self-fortilization in, 229 
Garner and Allard, length of day and 
sexual reproduction in plants, 231 
Garrison and Richey, maize breeding, 277 
Gartner, great hybridist, the, 5 
Geiso, spinach breeding, 344 
Genetics, chromosome aberrations, 34 
crossing over, 26 
dihybrid inheritance, 22 
factor stability, 33 
inheritance factors, 17 
lethal factors, 32 
linkage, 24 

mathematical expectations, homozy- 
gosity, 112 

methods of studying, 15 
monohybrid inheritance, 21^ 



428 


BREEDING GROP PLANTS 


Genetics, multiple allelomorphs, 27 
mutations, ZZ 
size characters, 27, 226 
Germ plasm, constancy of, 9 
Gernert, ramose maize, 270 
Goodspeed, tobacco, chromosomes in, 
221 

tobacco, size inheritance in, 227 
Goodspeed and Clausen, toba<‘co, color 
of flowers in, 224 
species crosses, 222 
Goss, early pea crosses, 6 
Gotoh, rye chromosomes, 197 
Goulden, oats, fals(‘ wild, 190 
wheat, dwarfs, in, 179 
Gourds, inheritance in, 349 
Graham, sorghums, color of S(‘ed in, 246 
size characters in, 217 
Grain sorghums, mode of pollination, 100 
Grantham, awn of cereals, 194 
Grape, inheritance of quality, 360 
Grasses, importance of, 295 
pollination In, 104 

Griff(je, barley, chromosome numbers, 194 
inheritance, 196 
oats, stem rust of, 
wheat, F\ crosses, 107, lOS 
Grilfeo and Hayes, oats, natural crosses, 
98 

Groth, tomatoes, inheritance in, 337 
H 

Hagedoorn, early wheat selections, 131 
Hallct, early wbcsiit breeder, 1 30 
Hamilton, pollination in sunflowers, 104 
Ilance, maize chromosomes, 251 
Hansen, breeding pears, 366 
plums, 366 

Harlan, barley classification, 190 
inheritance, 195 
natural crosses in liarley, 97 
Harlan and Anthony, barley awn, 193 
Harlan and Hayes, barley crosses, 192 
Harland, c-otton breeding, 243 
fbwer color, 237 
cowpeas, natural (jrossc^s in, 99 
seed coat color in, 205 
Harrington, wheat, color of grain in, 176 
Harrington and Aamodt, rust resistance 
in wheat, 177 

Harris, biometrical methods, 37 
soil heterogeneity, 67 


Harshberger, origin of maize, 250 
Hartley and others, F\ varietal crosses of 
maize, 285 

Hasselbrmg, pure lines in tobacco, 229 
Hayes, deviation ol moan method, 81 
Fi varietal corn crosses, 285 
maize, (‘rosses soiled lines, 287 
natural cross-pollmation m, 103 
plant colors, 266 
protein in, 270. 273 
tobacco, mutation in, 230 
selection in, 134, 229 
wheat, the awn of, 194 
Hayes and iVamodt, rust n'action in 
wheat, 177 

Hiu^es and Alexander, Fi varietal corn 
eross(.s, 284 

selection methods with corn, 270-281 
Hayes and Arny, replication, 70 
Hayes and ikunhart, tobacco mutations, 
230 

Flayes and Brewbaker, maize, endosperm 
cbaraci.(‘rs, 264 
gimetic fa(;tors, 261 
linkage in, 261 

Hayes and Clark, H(4f-f(‘rtilization in 
timothy, 298 

Hayes and East, maize, endosperm 
characters, 254 
F\ vanetal cross(‘s, 285 
genetic factors, 260 
size chara(*4.(‘rs, 270 

Hayes and Garber, ])rotein in maize, 273 
winter wheat bre<^ding, 146, 179 
Hayes and Harlan, barley, spiki*, density, 
30 

Hayes and Jones, heterosis hi tomatoes, 

‘ 337 

Hayes and Olson, Fx varietal corn crosses, 
284, 285 

Hayes and Itobertson, color of gram in 
wheat, 176 

Hayes and Stakman, rust reaction in 
timothy, 301 

rust reaction in wheat, 178 
Hayes and others, barley spot disease, 
196 

maize, smut resistance in, 286 
tobacco, size inheritance in, 224 
wheat species crosses, rust reaction in, 
172 

Hays, ceutgeuer method, 131 



INDEX 


429 


Head thrasher, small grains, 159 
Heald, smut in oats, 183 
Heckel, potatoes, changes under cultiva- 
tion, 311 

Hector, inheritance in rice, 201, 202 
natural crosses in rice, 99 
Hedrick and Anthony, quality in grape, 
360 

Hedrick and Booth, inheritance in 
tomatoes, 337 

Hedrick and Wellington, apple breeding, 
359 

Henkemeyer, chaff colors in wheat, 176 
Heribert-Nilsson, rye, pollination of, 103 
selfing in, 197 
potatoes, inheritance, 312 
senclity in, 323 
tuber color, 314 

Heterogeneity, coefficients of, 57 
estimating while conducting strain 
trials, 61 
in field plots, 56 
Hildebrand, rye pollination, 103 
Hilson, stalk character in sorghums, 247 
Hoffer, corn diseases, 278 

reaction of selfcd lines and hybrids, 
294 

Holbert, corn diseases, 278 
Holbert and others, maize breeding, 374 
root and stalk rots of maize, 286 
Hopkins, ear-to-row corn breeding,' 278 
Hor, barley inheritance, 195, 196 
Hoshino, earliness in peas, 332 
inheritance in rice, 202 
Houser, Fi tobacco crosses, 105 
Howard, parthenogenesis in tobacco, 222 
size inheritance in tobacco, 227 
Howard and others, groups of rustica 
species, 222 

natural crosses in beans, 100 
in tobacco, 98 
in wheat, 97 

Howards, wheat, color of grain, 175 
wheat, chaff color, 176 
presence or absence of beards, 176 
texture of grain, 175 
Hughes, methods of corn breeding, 291 
Hursh, morphological resistance to stem 
rust in wheat, 178 

Huskins, oat chromosome numbers,, 182 
oats, false wild, 190 
Hutcheson, pure-line selection, 133 


Hutcheson and Wolf, Fi varietal corn 
crosses, 285 

Hutchison, maize genetic factors, 261 
maize, linkage in, 262 
Hybrid vigor, explanation of, 111 
Hybridization, self -fertilized crops, 117 
of selfod lines, 118 

1 

Introductions, 114, 155 
Tkeno, inheritance in peppers, 338 
ill rice, 202 

natural crosses in rice, 99 
Immer and Christensen, maize, smut 
resistance, 286 

J 

Jardine, Kaiircd wheat, 139, 162 
Jcllneck, artificial wheat crosses, 125 
Jenkiii, crossing grasses, 128 
Jenkins, E. !£., number of seeds per 
tobacco plant, 98 

Jenkins, M. T., corn pollination bottle 
method, 121 

maize, genetic factors, 260 
Jensen, tobacco, inheritance of size 
characters, 227 

Jesonko, wheat-ryc hybrids, 199 
Johannsen, the pure line, 9, 130, 132 
Johnson, tobacco breeding, 149 
size inheritance, 227 
Jones, p. F., crossing on seed size, 283 
explanation of hybrid vigor, 113 
homozygosis on selfing, 112 
maize, double cross plan, 288 
effects of selfing in, XIO 
linkage in, 263 
pseudo-starchy, 256 
selective fertilization, 265 
silkless, 270 
• smut resistance, 286 
tomatoes, inhoritanco in, 337 
natural crosses, 100 
Jones, Jenkins, blooming in rice, 98 
Jones, M. G., brooding oats, 183 
Jones, D, F. and Gallastcgtii, linkage in 
maizo, 262 

Jones, D. F. and Mangolsdorf, solfed lines 
of maize, 287 

Jones, D. F. and others, Fi varietal maize 
crosses, 2S5 



430 


BREEDING CROP PLANTS 


Jones, L. R and Gilman, selling cabbage, 
346 

wilt-iesistanfc cabbage, 339 
K 

Kajanus, beets, root shape, 344 
tobacco, green yellow-leaf, 227 
wheat, speltoids in, 179 
species crosses, 174 
Kappcrt, inheritance in peas, 333 
Ivarpcr and Conner, pollination of sor- 
ghums, 101 

l\xirpeehenko, chromosomes in beans, 330 
inheritance lu radish, 344 
ICato and Isikawa, inhoritanee in nee, 202 
Kearney, cotton, boll lock number, 238 
boll shape and suitaco, 238 
breeding, 2^3 
correlations, 212 
fiber length, 238 
loaf sbap(^, 238 
mutations, 212 
natural crossing, 101 
petal color, 230, 237 
liairinoss, 238 
seed fuzziness, 238 
selective fert-ilization, 242 
self-pollination, 109 
size charact(irs, 239 

K<^oblc and Fellew, inheritance in peas, 
332 

Kelanoy, inheritance leaf base in tobacco, 
227 

Kenipton, maize, endosperm characters, 
264 

genetic factors, 200 
linkag<j in, 263 

rocessiv'c plant chara<Jtcrs, 269 
t(50s*nte-inaize cwssc^s, 251 
Kczai* and Boyack, barley inheritances 
196 

chaff color in wheat, 176 
wheat species crossi^s, 104, 173 
Kiessclbach, competit.ion in varietal 
trials, 77 

crossing on seed size, 283 
maize, breeding, 278, 279 
F\ crosses of selfed lines, 289 
F\ varietal crosses, 286 
natural oross-polUnation in, 103 
physiological studies selfod Imos, 294 


ICicssolbach and otlieis, pure lines m oats, 
141 

Kiesselbach and Peterson, maize chromo- 
somes, 261 

Kihara, oat chromosome numbers, 167 
wheat (‘hromosome numbers, 182 
Kirchner, wheat pollination, 97 
Kirk, led clover, chlorophyll deficiencies 
in, 304 

polhiiation in, 103, 303 
sweet clover, aberrant, 306 
pollination in, 102, 103 
Knight, L I , solf-stcnhtv m apple, 358 
Knight, T A , early liieeder, 6, 353 
fruit bre(^ding, 353 
Kiiiith, niaiz(‘ pollination, 103 
Kock, imiirovement in ii(*c, 204 
Koelreuhn, (‘arly hvl)n(list, 4 
Kondo and One, inheritance in rice, 203 
Kozhukhov, chroiuosomos m cucurbits, 
317 

Krantz, potatoes, Fx crosstss, 315 
plot tissts, 75 

selection in clonal line's, 321 
seh'ction in sc'lfe'd lines, 317 
tuber color, 31 1 

Knstofferson, inh(‘iitan<^e in cabbage', 3*15 
Kvakan, maize, enelosjre'rm e'liarac'ters, 
254 

gcinotic faeitors, 200 
linkage in, 264 

Kylei and Steinebejrg, selfe'd line's, maize, 
287 

Kuwada, maize chromoseimes, 261 

h 

Lake dwellers, crops grown by, 1 
Latin s<iuar(5, 84 

Leake, cotton, cerlor of leaf blade, 230 
natural erosse's in, 101 
petal e*i>lor> 237 

Leake and Prasad, peital spot in cott.on, 
237 

Le CJoutc/ir, selcestion, small grains, 130 
Leidigh, effects of aclf-fertilizatioix in 
sorghum, 248 

Leighty, wh(',at«rye hybrids, 199 
Ijeighty and flutcheson, blooming in 
wheat, 96 

Iicighty and otheirs, AegilopH4rilicu7n 
crosses, 169 



INDEX 


Lesley, natural crosses in tomatoes, 100 
Lesley and Mann, triploidy in tomatoes, 
337 

Lewis and Vincent, sterility in apples, 357 
Lindhard, speltoids in wheat, 179 
Lindstrom, maize, chlorophyll inherit- 
ance, 257-261 
genetic factors, 260 
linkage in, 262 
pericarp colors, 268 
Teopod, 269 

tomatoes, linkage in, 338 
Linkage, in barley, 195 
in beans, 336 
in cotton, 241 
in oats, 189 
in peas, 333 
in tomatoes, 337 
in wheat, 173 

Longley, maize chromosomes, 251 
Love, comparison of selections and 
crosses, 142 
student’s method, 86 
Love and Craig, machine for head 
threshing, 159 

oats, awn development in, 184 
basal articulation in, 187 
color of grain, 186 
rod-row methods, 156 
synthc^tic dicoccoidea, 163 
wheat, chaff color in wheat, 176 
wheat^-ryc hybrids, 199 
JjOvc and McRostie, hulled hull-less 
oats, 186 

Lumsden, inheritance in muskmelon, 348 
M 

Mackic and Allen, stem nist oats, 183 
Macoun, breeding apples, 365 
degeneration in potatoes, 322 
Mains, resistance in rye to diseases, 199 
resistance to mildew in rod clover, 304 
Maize, brooding, combination of solfed 
linos, 292 

car-to-row method, 278 
El varietfil crosses, 286 
home-grown seed, 281 
immediate effect of crossing on seed 
size, 282 

possibilities of newer methods, 293 
recent methods of, 284 


431 

Maize, breeding, relation of ear characters 
to yield, 275 

single and double crosses of selfed 
lines, 288 

chlorophyll inheritance, 267 
chemical composition, selection and 
inheritance, 270 
chromosomes of, 251 
colors in plant organs, 266 
dominant plant characters, 269 
endosperm characters, 253, 265 
effects of self-fertilization, 110 
factor mutations, 33 
groups of, 252 
heterosis in, 283, 285, 289 
linkage in, 253-264 
list of genetic factors, 260 
methods of selfing, 121 
multiple allelomorphs, 267 
natural crosses in, 102 
origin and species, 250 
recessive plant characters, 269 
seed and ear characters, 270 
selective fertilization in, 265 
size characters, 270 
variation in crossing over, 264 
xenia, 263 

Malte, review clover inheritance, 303 

Malte and Macoiui, crossing in vege- 
tables, 340 

Mangelsdorf, endosperm characters in 
maize, 265 

maize, genetic factors, 261 
linkage in, 262 

Mann, Crepis species crosses, 34 

Marquand, false wild oats, 189 

Martin, red clover, germination of pollen, 
303 

Mayer-Gmelin, spike density in wheat, 
174 

McClintock, resistance to nematodes in 
peach, 361 

McDougal, species crosses, potatoes, 315 

McFadden, wheat-rye hybrids, 109 
rust resistance in wheat species crosses, 
172 

MetLendon, inheritance in cotton, 236, 
237, 238 

Mcltostie, beans resistant to anthrac- 
nose, 148 

disease resistance in beans, 328 
self-fertilization in timothy, 298 



432 


BREEDING CHUR PLANTS 


Meister, wh.cat-r>T hybrids, 199 
McndcFs law, 10 
Mercer and Hall, replication, 70 
size of plot, 73 
Methods, biomolncal, o6 
field plot fcochnic, 50 
of bleeding; for disease resistance, 159 
small grams, 152 
of controlling pollination, 120 
of harvesting, threshing small grams, 
158 

of keeping records, 152 
of selection m small grains, 155-1 57 
of studying inheritance, 15 
Miller, drought resistance in sorghums, 
245 

Miyazawa, xonia in barley, 197 
Montgomery, ear-to-row corn breeding, 
278 

maize, breeding, 375 
origin of, 250 
rod-row trials, 1 57 
size of plot, 74 

Morrow and Gardner, F\ varndnl maize 
crosses, 283, 285 

Munson, evolution of Anierujan fruits, 
353 

Muskinelon, inh(‘rii.anci‘, JM8 
Mutations, classification of, 33 
deVries theory, 9 

Myers, size of fruit in tomatoes, 337 
N 

Nabours, cTOSsing over in parihonogcmc- 
ftis, 364 

Nakateni, chromosome numbem, rice, 
203 

Natural selection, 8 
Naudin, eljussification of cucurbits, 346 
segregation, 6 

Nawaschin, double fertilization, 253 
Neale, selection, sugar content sorghums, 
- 249 

New introductions, 115 
Newman, oorielations and their impor- 
tance in selociion, 137 
selection methods, 131, 139 
Nilsson, solo(‘4ic>u methods, 131 
selfing sugar beets, 121, 340 
Nileson-Ehle, barley, chlorophyll defi- 
ciencies, 196 


Nilssoii-Elil(‘, oats, color of grain, 180 
crosses, 142 
false wild, 189 
open vs. side panicle, 187 
pub(‘sc‘cnce m, 187 
size charact(*iR, 188 
tune ol maturity, 188 
wheat, color of gram, 175 
natural crosses, 97 
resistance to strip rust, 176 
speltoid, 179 
spike density, 171 
winter \vh(‘at breeding, 113, 179 
Nilsson-Loissn(*r, spring vh. winter habit 
m wheat, 178 

T, apeUa X T. v\i]garc crosses, 174 
Nohaia, inluTitance in p(‘as, 332 
Noll, time of maturity m oats, 188 
Norton, origin of rod oats, 182 
rust resistance in asparagus, 342 

O 

Oats, breeding, 182 
at Hvnldf, 1*12 
chromosonK* numbers, 182 
disease resistan(*e, 183 
inheritance, awn development, 184 
base of lower grain, 187 
color of gram and straw, 186 
fals(‘ wild oats, 189 
hulled vs, Imll-less, 180 
linkage in, 189 
open vs, side panicle, 187 
pubescerK^e, 187 
size characters, 188 
natural ({rosses in, 97 
origin of cult.ivat<^d van<‘tios of A, 
byzanhna^ 182 
pure line HoIe<4ions, 141 
sp<u*ics classification, 181 
crossi's, 182 

Odland, oat mhentanco studies, 189 
Oliver, crossing lettuce, 126-228 
legumes, 126 

Olson and others, oar characters and 
yield, maize, 276, 373 
Orton, cotton, disease resistance, 243 
cowpea, resistance to root knot, 206 
wilt resistance, 141, 206 
watermelon, wilt resistance, 342 



INDEX 


433 


P 

Pamniel, crosses in cucurbits, 348 
Pam in cl and annual wliito sweet 

clover, 306 

Parlatore, cotton classification, 235 
f^arnoll and others, irilKiritance in rice, 
202 

natural crosses in rice, 99 
Parker, J, 11., Kanrod wheat, 139 
sorghum inheritance, 247 
stem and crown rust in oats, 183 
Parker, W. H., spike density in wheat, 174 
Peas, color factors in, 331 
(4assifi(‘.ation of, 329 
inheritiUHio, bloom, 332 
chlorophyll, 3:i2 
color g(‘n<‘s, 331 
earJimsss, 332 
fasciaf.ion, 332 
flow(T sf.ruci.uni, 330 
height., 332 
keeled wings, 332 
leaf elia.ra.ct-(^rs, 332 
linkage, 333 
pod charact(^rs, 332 
seed <4iaraet<irH, 333 
flow(U’ structure, 330 
natural crosH<^s in, DO 
rogues in, 329 

PelUiw and Hve^rdrup, inlieritance in 
poas, 332 

Popper, summary of inheritiince, 339 
Percival, <’hrornosome numbers, Acgi- 
hpHj 167 

natural e.rosses and sports in wheat, 97 
wheat sj)eci(‘s, 103 
Perlitius, awn of cf^njals, 194 
Piper, alfalfa, origin of, J106 
alfalfa, pollination in, 101 
eowpeas, natural croM«(m in, 09 
origin of, 205 

sorghum, cultivaksd varieties key, 245 
species, 244 

velvet beans, origin of, 211 
Piper and Mor«(5, origin of soybeans, 208 
Piper and others, pollination in , alfalfa, 
30C 

Plant breeding, development of art, 2 
relation of biological principles to, 7 
Pope, pollination in cereals, 96 


Potatoes, clonal selection, 321 
color in tubers, 314 
degeneration diseases, 323 
early improvement, 319 
inheritance economic characters, 311- 
314 

methods of crossing, 315 
of handling seed, 317 
origin and species, 310 
plot size studies, 75 
sterility in pollen, 313, 317 
Powell, bud sports in grape, 362 
Price, crosses in cabbage, 345 
sclfing cabbage, 345 

Price and Drinkard, tomato inheritance, 
336-337 

Pure-line theory, 9 

Puttick, resistance to stem rust in wheat, 
177 

R 

Radish, inheritance in, 344 
Ragionieri, Brassica crosses, 345 
Raniathan, color of grain in sorghums, 
246 

glume hairs in sorghums, 247 
Randolph, maize chromosomes, 251 
Raspberry, inheritance in, 359 
lieed, smuts in oats, 183 
Rood and Molchcrs, smut resistance, 
sorghums, 248 

Reed and Stanton, smut resistance, oats, 
184 

Reeves, inheritance in cucumbers, 348 
Replication, correct method of, 73 
reducing probable error by, 72 
value of, 69 

Resistance, technic of breeding, 159 
to anthraemoso in beans, 148, 327 
in cotton, 244 
in red clover, 304 
to bacterial blight in cotton, 244 
to bunt in wheat, 148, 178 
to crown and stem rust in oats, 183 
to diseases in maize, 286 
to loaf rust, stem rust and mildew in 
rye, 199 

to mosaic in beans, 328 
in spinach, 844 
to nematodes in barley, 197 
in peaches, 361 



434 


BREEDING CROP PLANTS 


Resistance to powderj" mildew m clover, 
304 

to root rot in tobacco, 228 
to rust m asparagus, 342 
to spot blotch in barley, 196 
to smut in oats, 184 
in sorp;huiiis, 248 
to stern rust in timothy, 301 
in wheat, 172, 177 
to stripe rust in wheat, 176 
to yellow rust in wheat, 144 
to wart disease in potatoes, 314 
to wild fire in tobacco, 228 
to wilt in cowpeas, 207 
in cucumbers, 348 
in flax, 218 
in tomatoes, 327 
in watermelons, 342 
to yellows in cabbage, 330 
Rice, chromosome numbers, 203 
inhcritanc^e characters, 201-202 
mutations in, 203 
natural crosses in, 98 
Richardson, flower color m strawberry, 
360 

Richey, maize breeding, 275 
probable error methods, 84 
selfcd hues in breeding, 289 
Richey and Mayer, selR^d lines, maize, 
287 

Ric.hey and Willier, maize bn^eding, 276, 
374 

llimpau, barley pollination, 07 
oat crosses, 97 

Roberts, early plant bree<lers, 4 
Rogues in peas, 329 
Rumker, von, xenia in rye, 197 
inheritance in rye, 198 
selections in rye, 197 
Rye, clTects of selfing, 197 
origin, 197 

inheritaneo in, 197-198 

B 

Sakamura, wheat chromosomes, 167 
Halaman, cropping index, potatoes, 312 
inheritance in potatoes, 313 -312 
pollination in potatoes, 315 
Salaman and Lesley, habit of growth in 
potatoes, 813 

immunity to wart in potatoes, 314 


Balaman and Lesley, pollen sterility m 
potatoes, 313 

Salmon, Kanred wheat, 139 
Salmon and Parker, origin of Fulghum 
oats, 182 

Sampson and Davies, smuts of oats, 
183 

Sargaret, classification of cucurbits, 346 
crosses in cucurbits, 6 
Sasaki, inheritance m rice, 202 
Saunders, breeding hardy apples, 365 
Marquis wheat, 145 
natural crosses in wheat, 97 
Sax, linkage m beans, 336 
rust resistance in wheat species crosses, 
170 

wheat, chromosome numbers, 167 
pollen size in, 167 
species crosses, 35, 164 
Schmid, awn of cereals, 193 
Schultz and Folson, degeneration 
diseases, potatoes, 323 
Scott, evolution, 7 
Seod.c(jrtification, 379 
Minnesota plan, 380 
Maine plan, 382 
inspection, 380 

Seiglingor, color of grain in sorghums, 
246 

pollination of sorghums, 101 
Selections, in clonal lines, 117 
m dioecious plants, 117 
individual plant in self-pollinated 
crops, 316 

in cross-pollinated crops, 116 
in pure lines, 132 

mass, in cross-pollinated crops, 116 
in self-pol limited cjrops, 115 
results of, 130 
to obtain pure lines, 136 
Selfing plants artificially, 120-122 
Self-pollinated plants, 95 
Betihell, sections of tobacco genus, 
220 

Bcxuality, Camerarius proves, 3 
further proof of, 4, 6 
Shamol, bud sports in citrus fnut*a, 363 
environment and br<^<ikmg of type in 
tobacco, 228 

Shaw, and Norton, inheritaneo in beans, 
335 

Bhirreff, early selections, 13k 



INDEX 


435 


Shull, genetic dcfinitioiiH, 384 
inbreeding maize, 283 
Sinnott, inheritance in squashes, 349 
Sinnott and Dunn, biometrical methods, 
40 

Sinnott and Durham, selfing in squashes, 
341 

inheritance, 349 

Smith, L, B., l)reeding spinach, 344 
Smith, L. IT., natural crosses in wheat, 97 
protein in maize, 270 
Smith and Brunson, maize selection 
methods, 281, 374 
So, xenia in l)a.rley, 107 
Sorgh\im, agricultural groups, 244 
brcicding, 248 
classification, 245 

inheritaiKUJ, color of se(*,d coat, 246 
character of i)anicle, 247 
character of stalk, 247 
chlorophyll d(‘ficiencios, 247 
glume hairs, 247 
gluuH^ shape, 247 
resistancii to smut, 248 
origin, 244 
solo(5tion in, 249 
vigor of Fi croHS(»s, 109 
Soybeans, breeding, 210 
. natural cr<)ss(^B, 90 
iiih<^ritan(w, 208 
origin, 208 

Spillman, seed coat color, cowpeas, 205 
spike d<‘nHity in wlu^at, 174 
Spinach, sex in, J413 
Spragg, Ix^an seltxjtions, 141 
Spragg and Clark, Ihxl Hock wheat, 139 
Spragg and Down, llardigan alfalfa, 309 
Squash, flower striujturo, 346 
inheritance in, 349 
iucthods of s(4fing, 122 
self-fertilizetioii in, 341 
Htadler, competition, 76 
linkage in maize, 202 
mutation in maize, 33 
variations, 102 
in eXO* in nniizc^, 264 
Stakmun and oilu^rs, physiologic forms of 
stem rust, 177, 183 
8t(jm rust of oats, 183 
wilt resistance of flax, 219, 372 
Stanton and Cotiman, natural crosses in 
oats, 97 


Stevens, species of buckwheat, 200 
Stewart, J. P., breeding shade tobacco, 
229 

Stewart, F. C., cion selection in apples, 
364 

Stewart, George, spike density in wheat, 
174 

Stout, hud sports, 362, 364 
self-sterility in radish, 344 
Stout and Clark, pollen in potatoes, 316 
Strawberry, inheritance in, 360 
Stroinan, correlations in cotton, 241 
maize, linkage in, 262, 263 
genetic factors, 260 

Stronijin and Mahoney, chlorophyll 
deficiencies in cotton, 240 
Stuart, breeding potato(is, 315-320 
Student's method, 84, 86 
probable error methods, 84 
Sturt.evant, maize species, 251 
Sunflowers, pollination, 104 
Sugar beets, elTcets of selfing, 340 
methods of selfing, 121 
Surface, awn dcvelopineut in oats, 184 
basal articulation, oats, 187 
color of oat grain, 186 
oat crosses, 182 

Sutton, Fa^ra^^s wheat studies, 144 
inheritance in cabbage, 345 
sterility in fruits, 357 ’ • 

Suzuta and Tomura, natural crosses in 
rice, 99 

Swanson, resistance to kernel smut in 
sorghums, 248 

stalk characters of sorghums, 247 
Swingle, breeding citrus fruits, 365 

T 

Takahasi, inheritance in rice, 201 
Takeziki, inheritance in rice, 202 
Tammes, flax, factors for flower and seed 
color, 216 

inheritance size characters, 218 
species crosses, 214 
Tedin, inheritance in peas, 332 
Terao, inheritance in soybeans, 208 
mutations in rice, 203 
Thadani, fiber vlength in cotton, 238 
seed fuzziness in cotton, 238 
Thatcher, barley inheritance, 195 



41^6 


BREEDING CROP PLANTS 


Tlionipson, chromosome rclutioiislups iii 
wheat, 169 

(\‘irlmess m wheat, 109 
Tliompstone, natural crosses in rice, 
99 

inhentaucc m rice, 202 
Timothy, breeding, 290-302 
flower structure, 297 
method of sidfing, 121 
pollination in, 105, 295 
Tisdale, wilt resistarict* in flax, 220 
Tobacco, chromosome nuinberh, 221 
classification, 220 
color of flowers, 224 
disease resistance, 227 
environmental nifluenci's, 228 
F\ crosses, lOG 

hours of daylights and flowering, 232 
methods of selfiug, 120 
mutations m, 229 
natural (toss<‘s, 98 
parthenogcTU^sis, 222 
quantitative characters, 224 
results of hreeiling, 49 
si>ecios crosses, 109, 221 
sterility, 222 

Todaro, cotton olassiflt^ation, 236 
Tomato, class ification, 330 
Fi crosses, 107 
linkage m, 337 
natuKil crosses in, 100 
summary of inheritance, 337 
Townsend, S(4f-fort.ili nation in sorghum, 
248 

Truliut, cultivated forms of A, sienllH, 
182 

Tracy, classification of beans, 333 
Trajkovich, niaisse genetic factors, 201 
Trouard-Riolle, origin of radish, 344 
Tschemiak, barley inheritance, 106 
beans, inheritance in, 336 
brassica, crosses in, 346 
MondeFs law, 10 
oat species crosses, 182 
oats, natural cro.ms in, 97 
radish breeding, 344 
rye, origin of, 197 
tomatoes, inheritance in, 337 
wheat species crosses, 163, 173 
T^chonnak and Bloier, now wheat 
«pooies from cross, 109 


1''ukada, and others, mutations m 
tobacco, 230 

U 

Iflnseh, von, barley inheritance, 19C 
Ulneh, pollination of rye, 103 

V 

Vanaiions, classified, 19 
elirnat.ic, 92 

hybridization m rc;lation to, 13 
Valleau, disease resistance in tobae(*o, 
228 

s(ix in strawlx^rry, 360 
Vavilov, barley inheritain;e, 190 
eiosses in cucurbits, 348 
origin of rye, 197 
wlu‘at speeios, 163 
crosses, 165 

Vavilov and Kouznetzov, spring vs. 

wint(‘r .habit, wheat, 178 
Veg(‘tables, lirceding sclf-fortilized, 326- 
329 

1 mailing cross-fertilized, 339-344 
origin of, 326-320 
Velvet bean, breeding, 213 
inheritance, 211 
mutations, 212 
origin, 210 

Viimorin, b(‘et classification, 344 
inheritance in peas, 332 
seki(?tion principle, 130 
wheat Hj>ocles crosses, 163 
Von Moris, early Belgian fruit bn^eder, 
363 

Vinall and Cron, color of seed in sor- 
ghums, 246 

inheritance of glume shape m sor- 
ghums, 247 

Vinall and others, classification of 
sorghums, 245 

DeVnes, correlation of chara<*»ters and 
yield, X36 
MendeFs law, 10 
mutation theory, 9 
natural crosses in wheat, 97 
xonia, 263 



INDEX 


437 


W 

Wakabaysbi, covered smuts, oats, 184 
Waite, self-sterility in plum, 357 
Waldron, alfalfa, hardiness in, 308 
alfalfa, natural crosses in, 102 
species crosses, 306 
hromus, clonal lines in, 302 
wheat, dwarfs in, 179 
Wallace, methods of corn breeding, 290 
Waller, self-pollination in maize, 103 
Warren, classification of tomatoes, 336 
Watermelon, r(‘sistan(‘e to wilt, 342 
Watt, cotton (‘lassification, 235 
Waugh, .self-sterili<,y in plum, 357 
Weatherwax, origin of maize, 251 
Weblxir, (totton bn^eding, 243 
species <toss(‘s, 235 
pcppi^rs, inluTitance in, 338 
xcuiiti, 253 

Wcblxii* and ()ri,on, resistance to wilt in 
cowpiiji, 207 

WeblxT and others, timothy breeding, 
290 

Weigmann, («irly (jrossiis, 5 
Wcissmaiui, (^onstaiuiy of germ plasm, 9 
Welleasiek, inheritance in peas, 331- 
333 

Wellingt^m, heterosis in tomatoes, 337 
inheritance in ciKuimbers, 348 
partihonogimcHis in tobacjco, 222 
raspberry crossijs, 350 
Wentz, linkage in maize, 262 
Westgate, origin of Urimin alfalfa, 306 
Wiwtgate and others, infertility in red 
clov^^^, 303 

Westover, plot size in potatoes, 75 
WlHvit, awns, 176 

Imicding at C'Jamlmdgc^, England, 144 

chaiT chant<d(‘-rH, 175 

<!hn)iiu>som<i numbers, 167 

disease resistanci^, 170, 176 

<lwarfs in, 179 

earlinesB in, 179 

Farrar’s bree<iing studies, 144 

flower Htnu‘i^ur(‘, 123 

genetic (tlasHiflciitiou, 161 

liybrids with rye, 199 

Kiinrud, 139, 162 

linkage in, 173 

milling quality, 172 

Marquis, 146 


Wheat, natural crosses in, 96-97 
pollen size, 167 
Red Rock, 139 
resistance to bunt, 148 
to leaf rust, 165 

rust reaction in species crosses, 170 
seed characters, 175 
serological tests, 166 
species crosses, 168, 173 
groups, 163 
speltoids, 179 
spike density, 174 
spring va. winter habit, 178 
sterility in species crosses, 165 
White, inheritance in peas, 331-333 
origin 6f fruits, 350 
Wichura, species crosses, willow, 7 
Wiggans, variations, 162 
Wight, potato species, 310 
plum species, 351 

Wilcox, replication with strawberries, 
72 

Williams, C. G. ear-to-row corn, 278 
sele'ction for stiff straw in oats, 140 
Williams, C. -G., and Welton, maize 
breeding, 275 
size of seed, 136 

Williams R. D., crossing technic, 128 
pollination in red clover, 303 
Wilson, tuber color, potatoes, 314 
Winge, chromosomal aberrations in 
wheat, 179 

hypothesis for chromosome doubling, 
221 

Winter, root rot com, 278 
Witte, timothy breeding, 298 
Wittmack, origin of potatoes, 310 
Wolf, crossing on seed size, 283 
Wood and Stratton, pairing method, 80 
Woodworth, inheritance in soybeans, 210 
natural crosses in soybeans, 99 
protein selection in maize, 270 
Wright, homozygosis in relation to 
inbreeding, 112 

X 

Xenia in barley, 197 
in maize, 253 
in rice, ^ 



438 


BREEDING CROP PLANTS 


Xenia in rye, 197 
law of, 263 


Y 

Yielding ability and quality, 369 
Young, sterility in potatoes, 314 


Z 

Zade, false wild oats, 189 
serological studies in wheat, 166 
Zinn, milling quality in wheat, 173 
Zoebl and Mikosch, the barley awn, 193 
Zwann, pollination m spinach, 343 



